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Abstract
The presence of potentially toxic elements (PTEs) and emerging contaminants
(e.g., per- and polyfluoroalkyl substances (PFAS)) makes sewage sludge management
challenging. Due to their hazards, there is significant interest in thermal treatment
technologies that can destroy these compounds, like incineration. However, incineration
still poses several risks due to forming and/or releasing hazardous emissions (e.g.,
polychlorinated dibenzo-p-dioxins and dibenzofurans (PCDD/Fs) and PTEs). More
recently, the use of smouldering has been introduced as a potential treatment technique for
managing sewage sludge. Smouldering presents several advantages over traditional
incineration due to its lower energy and pre-treatment requirements and potential for
beneficial by-products; however, little is known about the process by-products.
This question was investigated during smouldering tests conducted at the laboratory
reactor scale and oil drum reactor scale. Tests were evaluated for key compounds of interest
– PCDD/Fs, PTEs, and PFAS – before and after treatment as well as in process emissions.
For the PFAS experiments, adjustments were made to the tests to improve PFAS
degradation. The USEPA Leaching Environmental Assessment Framework (LEAF) was
then used on the post-treatment ash to evaluate phosphorus and PTE release and extraction
potential. This study found negligible PCDD/Fs in process emissions during robust
smouldering and low levels of PCDD/Fs during weak smouldering. Overall, smouldering
acts as a sink for PCDD/Fs. In addition, 94-100% of all the PTEs analyzed were retained
in the post-treatment ash following smouldering treatment, not released in the emissions.
Smouldering completely removed all PFAS from 3C-8C from the sludge under all
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laboratory conditions, where much of the PFAS was likely volatilized into the emissions
requiring further treatment. Supplementing the sewage sludge with granular activated
carbon increased the energy of the system and improved PFAS degradation for high
moisture content sludge. When a calcium amendment was added, the PFAS content in the
emissions was 97 – 99% lower than all other conditions. Smouldered sewage sludge ash
contains higher quantities of inorganic phosphorus than the parent sludge and releases
lower initial and total PTEs. Furthermore, 72% of the phosphorus is recoverable. With low
emissions risks, high potential for PFAS treatment, and phosphorus reuse opportunities for
land application and direct recovery, smouldering has significant potential as a valuable
waste management technique.
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Summary for Lay Audience
The foods we eat contain many vitamins and minerals, which, if broken down to
their most basic forms, consists of nutrients like phosphorus, and metals like cobalt and
zinc. These nutrients and metals are present in small amounts in our faeces, however,
during treatment at wastewater treatment plants, they become concentrated in sewage
sludge. This is important because most of our phosphorus for fertilizers comes from mines
which are being quickly depleted. Therefore, we need to recycle phosphorus and other
valuable elements from other sources, including sewage sludge. However, just as valuable
elements end up concentrated in sewage sludge, so can harmful compounds, such as PFAS,
a group of human-made chemicals used for waterproof coatings and food containers.
Therefore, before useful compounds in sewage sludge can be recycled (including
phosphorus), the sewage sludge needs to be treated to remove harmful compounds.
Incineration is a typical method for treating sewage sludge which consists of very high
temperatures to burn the material. While effective, incineration is very expensive and
requires a lot of energy.
An alternative method for treating sewage sludge is smouldering. Smouldering is a
flameless, more energy efficient form of burning that is commonly seen in a barbecue.
However, using smouldering to treat sewage sludge is relatively new so little is known
about how well it removes harmful compounds, and if new ones are formed during the
process, such as dioxins, a group of hazardous compounds formed during waste burning.
This research looked at the types of harmful compounds present in and released during
sewage sludge smouldering and tried to minimize them. Additionally, methods of recycling
valuable compounds, especially phosphorus, were explored. Smouldering was able to treat
iv

the sewage sludge, forming an ash that contained almost no PFAS. Additionally, it is
unlikely that smouldering sewage sludge produces any dioxins. In terms of element
recycling, smouldering retained nearly all the valuable elements in the ash, making
recycling simpler. This research demonstrated that smouldering is an effective treatment
method for sewage sludge, removing most harmful compounds (while not forming any
additional), and creating an ash that is rich in valuable elements, especially phosphorus.
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Chapter 1

1

Introduction

1.1 Background
Increases in the proportion of waste components being recycled and reused
compared to landfilled are evidence of societal shifts towards more sustainable practices.
Recent research and regulations have demonstrated growing interest in circular economies,
with significant focus on making waste disposal processes more cyclic (Canadian
Municipal Water Consortium, 2015; Donatello and Cheeseman, 2013a; Fang et al., 2020;
Gorazda et al., 2017; Mayer et al., 2016; Mulchandani and Westerhoff, 2016). Resource
recovery, in particular, for nutrients and metals, not only relieves the depletion of essential
elements but can also have environmental and economic benefits for wastewater treatment
plants (WWTPs) (Neczaj and Grosser, 2018).
However, recovery and reuse of nutrients and metals from sludge remains a
challenge for numerous reasons. For example, several concerns arise when considering
the direct application of sewage sludge as a fertilizer. Sewage sludge contains high
quantities of potentially toxic elements (PTEs; especially metals), legacy contaminants
(e.g., pesticides), and many emerging contaminants, e.g., per- and polyfluorinated
substances (PFAS) (Clarke and Smith, 2011; Jiwan and Ajah, 2011; Zhou et al., 2019)
which have been shown to cause adverse health and environmental impacts (Lindstrom et
al., 2011; Miralles-Marco and Harrad, 2015; Zhang et al., 2017b). Therefore, there is strong
interest in thermal treatment methods that remove these compounds from the sludge and
limit their environmental release (Pudasainee et al., 2013; Werther and Ogada, 1999;
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Zabaniotou and Theofilou, 2008). For example, incineration is an attractive option for
treating sewage sludge due to its ability to destroy organic contaminants and significantly
reduce the waste volume (Adam et al., 2009; Werther and Ogada, 1999). However, the predrying required to facilitate sludge incineration makes the treatment process energy
intensive and expensive (Khiari et al., 2004; Werther and Ogada, 1999). Furthermore, the
by-product emissions from sewage sludge incineration often contains hazardous
compounds that require additional treatment, e.g., PTEs (especially metals), and
polychlorinated dibenzo-p-dioxins (PCDDs) and polychlorinated dibenzofurans (PCDFs)
(Fullana et al., 2004; Pudasainee et al., 2013; Shao et al., 2008; Werther and Ogada, 1999).
Another emerging thermal option is ‘STAR’ (Self-Sustaining Treatment for Active
Remediation). Now a fully commercial technology, STAR is applied regularly to remediate
soil contaminated with hydrocarbons, tars, and emerging contaminants such as PFAS
(Duchesne et al., 2020; Scholes et al., 2015; Switzer et al., 2009). STAR utilizes
smouldering combustion, a flameless form of burning that occurs on the surface of a fuel
within a porous media, for example, glowing red charcoal in a barbecue (Rein, 2016).
Recently, smouldering combustion has been demonstrated as a novel sludge treatment
technology to reduce energy and carbon demand in WWTPs (Rashwan et al., 2016).
Smouldering can manage high moisture content (MC) sludge (80-85% MC) with minimal
pre-processing (Rashwan et al., 2016). This is an important advantage compared to flaming
combustion systems – such as incinerators – because pre-drying sewage sludge is an energy
intensive and expensive process at WWTPs (Werther and Ogada, 1999; Khiari et al., 2004).
While smouldering has many advantages as a low-energy thermal treatment option, the
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lack of information regarding potential formation and/or release of by-products and
treatments required to manage them is a barrier to widespread application.
A recent study identified that smouldered sewage sludge ash is likely safe for
landfilling (Feng et al., 2020). However, landfilling ignores the recovery and reuse
potential of limited resources such as phosphorus (Donatello and Cheeseman, 2013a; Fang
et al., 2020). Moreover, recovering PTEs from sewage sludge ash has a twofold benefit of
removing these PTEs from a pathway into the environment and providing value-added
recovery (Westerhoff et al., 2015). While several studies have assessed the recovery and
reuse potential from incinerated sewage sludge ash (Biswas et al., 2009; Fang et al., 2020,
2018; Gorazda et al., 2017, 2016; Krüger and Adam, 2014; Mattenberger et al., 2008;
Petzet et al., 2012; Schaum et al., 2007; Takahashi et al., 2001; Wzorek et al., 2006), these
opportunities have not been fully explored for smouldering.

1.2 Research Objectives
The overall objective of this research is to advance the scientific understanding of
sewage sludge smouldering in an environmental engineering context. A detailed literature
review (summarized in Section 2.0) raises the key question: what are the beneficial and
potentially hazardous by-products from smouldering combustion of sewage sludge?
To answer this question, this research proposal focuses on these specific objectives:
1. Establish a reliable method of assessing the bioavailability of phosphorus from
sewage sludge before and after thermal treatment.
2. Use the method established during Objective 1 to assess the bioavailability of
phosphorus within post-treatment smouldered sewage sludge ash to determine the
3

feasibility for reuse and recovery potential. Furthermore, explore the impacts of
bulking with sand compared to particulate organic waste on reuse and recovery
potential.
3. Explore the fate of PTEs during sewage sludge smouldering, including their
retention in the post-treatment material and subsequent susceptibility to leaching.
4. Evaluate the formation and/or release of PCDD/Fs and VOCs from treating sewage
sludge via smouldering.
5. Evaluate the use of smouldering to treat PFAS in sewage sludge.
a. Evaluate PFAS removal under typical sewage sludge smouldering
conditions.
b. Assess methods of improving the mineralization of PFAS and process
conditions.
c. Explore the impact of scaling on PFAS removal.
Overall, this work progresses smouldering towards a more sustainable and cyclic
process that produces beneficial by-products and helps preserve the environment.
Furthermore, this work will help improve our understanding of risks associated with
smouldering treatment which can be applied to other wastes. Moreover, the insights on
potential by-product formation and/or release can inform treatments required to manage
these risks. These results will ultimately help eliminate barriers for widespread application
of smouldering treatment.
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1.3 Thesis Outline
This thesis is written in “Integrated Article Format”. A brief description of each
chapter is presented below.
Chapter 1 provides a brief introduction into smouldering combustion and the
beneficial and harmful by-products formed and/or released during the smouldering
treatment of sewage sludge. This chapter also delineates the objectives of this thesis.
Chapter 2 provides a literature review of smouldering combustion, focusing on the
process and application for treating sewage sludge. Phosphorus was explored as a
beneficial element to recover or reuse from the post-treatment ash. Harmful compounds
originally present in sewage sludge were also explored, including PTEs, PCDD/Fs, and
PFAS, along with current methods of treating these compounds. Emphasis was placed on
thermal treatment methods and the impacts of temperature on these compounds. Finally,
knowledge gaps in literature were discussed.
Chapter 3 titled “USEPA LEAF methods for characterizing phosphorus and
potentially toxic elements in raw and thermally treated sewage sludge” is a manuscript that
compared two methods for analyzing phosphorus in sewage sludge, the widely used Hedley
et al. (1982) fractionation method and USEPA Leaching Environmental Assessment
Framework (LEAF). In addition to comparing the two methods on their performance for
evaluating available phosphorus in sewage sludge and incinerated ash, this study also
demonstrated the ability of the LEAF methods to provide valuable additional quantification
on PTEs that may be present in these materials with no further analytical steps required.
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chapter

was

published

in

July

2021

in
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DOI:

https://doi.org/10.1016/j.chemosphere.2021.130081
Chapter 4 titled “Phosphorus Recovery and Reuse Potential from Smouldered
Sewage Sludge Ash” is a manuscript that examined opportunities for reusing and recycling
smouldered sewage sludge ash. In this work, smouldered sewage sludge ash was collected
from two experiments, (1) sludge mixed with coarse silica sand, and (2) co-treatment of
sludge and organic waste (i.e., woodchips). Total elemental contents of ashes from both
systems were determined and compared to Canadian land application guidelines to explore
the suitability of each for direct land application. Additionally, a combination of pHdependent leaching tests and column percolation experiments were used to explore the land
application potential and extraction potential of the post-treatment ashes. This chapter was
published

in

January

2022

in

Waste

Management.

DOI:

https://doi.org/10.1016/j.wasman.2021.11.001
Chapter 5 titled “Behaviour of PCDD/Fs and potentially toxic elements in sewage
sludge during smouldering treatment” is a manuscript that evaluated the formation and/or
release of PTEs, PCDD/Fs, and VOCs from treating sewage sludge via smouldering. The
behaviour of PTEs post smouldering treatment was examined by developing a mass
balance of the smouldering reactor system. Additionally, PCDD/Fs samples were collected
from the combustion gases during four oil-drum scale reactor and two laboratory column
scale experiments to explore the potential formation and/or release of these compounds
during smouldering. This chapter has been submitted to the Journal of Environmental
Management.
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Chapter 6 titled “Smouldering to treat PFAS in sewage sludge” is a manuscript that
explored the removal of PFAS from sewage sludge under base case smouldering
experiments at the laboratory scale. Changes were then made to the base case tests,
including treating high moisture content sludge (what is typically observed at WWTPs)
supplemented with granular activated carbon to increase the treatment temperature.
Additionally, the use of a calcium amendment to improve fluorine mineralization at lower
treatment temperatures was explored. Finally, PFAS was measured at the oil-drum reactor
scale pre- and post-smouldering treatment to understand the impacts of scaling on removal.
This chapter will be submitted to a leading international journal.
Chapter 7 summarizes the key contributions and conclusions from this thesis and
presents recommendations for future work.
Appendix A presents Supplementary Material for “USEPA LEAF methods for
characterizing phosphorus and potentially toxic elements in raw and thermally treated
sewage sludge”, presents additional USEPA LEAF Method 1313 and 1314 results.
Appendix B provides Supplementary Material for “Phosphorus Recovery and
Reuse Potential from Smouldered Sewage Sludge Ash”, presents temperature profiles,
elemental mass balance calculations, additional USEPA LEAF Method 1313 and 1314
results, and recovery potential calculations.
Appendix C provides Supplementary Material for “Behaviour of PCDD/Fs and
potentially toxic elements in sewage sludge during smouldering treatment”, presents
temperature profiles, sampling information, stack emissions data, PCDD/F data for preand post-treatment materials, and normalization calculations.
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Appendix D provides Supplementary Material for “Smouldering to treat PFAS in
sewage sludge”, presents preliminary PFAS results, temperature profiles, heating rates,
additional PFAS results, normalization calculations, and mineral analysis results.
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Chapter 2

2

Literature Review

2.1 Introduction
Approximately 82% of Canadians are serviced by municipal wastewater treatment
plants (WWTPs) (Statistics Canada, 2019). More than 20% of municipalities’ energy
consumption is from WWTPs (Means, 2004).
Disposal methods of sewage sludge including land application, incineration, and
landfilling possess benefits and pose challenges (Fytili and Zabaniotou, 2008). For
example, land application of sludge allows reuse of valuable nutrients and minerals to
depleted soils (Neczaj and Grosser, 2018); however, transportation can be expensive, and
concentrations of potentially toxic elements (PTEs) and organic pollutants may exceed
regulations (McBride, 1995). Landfilling the sludge is not sustainable due to increasing
volumes of waste and losses of valuable elements (Fytili and Zabaniotou, 2008; Westerhoff
et al., 2015).
Thermal processes for managing sewage sludge are now common in the industry.
For example, incinerating allows for volume reduction and contaminant destruction (Adam
et al., 2009). However, the pre-drying required to facilitate sludge incineration makes the
treatment process energy intensive and expensive (Khiari et al., 2004; Werther and Ogada,
1999).
Self-sustaining smouldering combustion has been shown to be a simple, energy
efficient method for treating sewage sludge (Rashwan et al., 2016). While smouldering has
been demonstrated to be a promising method of treating sewage sludge, studies to date
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have focused on process optimization (Rashwan et al., 2016), scaling (Rashwan et al.,
2021a), landfilling safety (Feng et al., 2020), and some emissions analysis of common
combustion gases (Feng et al., 2021). There is limited understanding of the by-products
from smouldering sewage sludge. Most of the literature focuses on more common methods
of sewage sludge combustion (primarily incineration). Therefore, this chapter will provide
relevant background on smouldering, with a focus of its ability to treat sewage sludge, and
then use literature from common combustion methods to explore both the beneficial and
potentially harmful by-products from thermal treatment of sewage sludge. Finally, this
review will highlight some of the major knowledge gaps in these areas and use previous
research to draw implications for smouldering.

2.2 Smouldering Combustion
Smouldering combustion is a flameless form of burning that occurs on the surface
of a condensed fuel (i.e., liquid or solid) within a porous medium (Ohlemiller, 1985; Rein,
2016, 2009). The two reactions involved in smouldering combustion are (1) pyrolysis, and
(2) oxidation (Rein, 2016). The same two reactions are present in typical flaming
combustion (Figure 2.1); however, they are characteristically different (Wyn et al., 2020).
Pyrolysis is a generally endothermic reaction that occurs in the absence of oxygen
(Mahinpey and Gomez, 2016; Susastriawan et al., 2017). Temperatures above 200°C
initiate the breakdown of the fuel (Rein, 2009). The by-products of this reaction are gaseous
emissions, including volatiles, water vapour, polyaromatic hydrocarbons, carbon
monoxide (CO), and carbon dioxide (CO2), and solid char and ash (Mahinpey and Gomez,
2016; Rein, 2016). The secondary exothermic reaction produces heat from the
heterogenous oxidation (i.e., oxygen directly attacks the condensed fuel surface) of the
13

remaining fuel and char (Ohlemiller, 1985; Rein, 2016, 2009). The by-products from this
oxidation reaction are heat, CO2, water vapour, ash, and other gases (Rein, 2016).

Figure 2.1: Pyrolysis and oxidation reaction pathways in smouldering versus flaming
combustion (Wyn et al., 2020).
Smouldering is limited by both oxygen supply and energy losses (Ohlemiller, 1985;
Rein, 2016; Switzer et al., 2009; Yermán, 2016; Zanoni et al., 2019). There is a strong
relationship (mostly linear) between the rate of smouldering propagation (and fuel
consumption) and the applied airflow rate (Ohlemiller, 1985; Pironi et al., 2009; Torero
and Fernandez-Pello, 1996; Yermán et al., 2017, 2015). Furthermore, a positive local
energy balance around the smouldering front is required for propagation with a steady
velocity and in a ‘self-sustaining’ manner (i.e., without additional, external energy input)
(Switzer et al., 2009; Zanoni et al., 2019). This occurs when energy generation by fuel
oxidation exceeds energy lost to endothermic process (e.g., water evaporation and
pyrolysis) and lateral heat losses (Zanoni et al., 2019).
Smouldering can only occur within a porous fuel or fuels embedded in a porous
medium. The porous matrix (1) increases the surface area for reaction, (2) creates pathways
for oxygen to flow to the reaction, (3) insulates the reaction thereby reducing heat losses,
and (4) creates a more uniform smouldering front (Gianfelice et al., 2019; Ohlemiller,
1985; Torero et al., 2020; Yermán, 2016).
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2.2.1

Applied Smouldering Systems for Waste Management

Smouldering combustion has been demonstrated to be an effective, energy efficient
remediation strategy for both soil treatment (Grant et al., 2016; Pironi et al., 2009; Scholes
et al., 2015; Switzer et al., 2009) and management of wastewater sludges (Rashwan et al.,
2016) and faeces (Yermán et al., 2015). In this context, the organic contaminants and/or
wastes are the fuel, and self-sustained smouldering destroys virtually all of it by oxidation
(Rashwan et al., 2016; Switzer et al., 2009). After smouldering, typically only inert soil
grains (e.g., quartz sand) and ash composed of inorganic compounds remains (Yermán et
al., 2015). ‘STAR’ (Self-Sustaining Treatment for Active Remediation) is the
commercially available technology used for smouldering treatment by Savron Ltd.,
Guelph, ON. This technology is applied regularly to remediate soil contaminated with nonaqueous phase liquids (Pironi et al., 2011; Switzer et al., 2009), coal tar (Pironi et al., 2009;
Scholes et al., 2015), and emerging contaminants such as PFAS (Duchesne et al., 2020).
STAR has been applied for in-situ (Grant et al., 2016; Pironi et al., 2009; Scholes et al.,
2015; Switzer et al., 2009; Torero et al., 2018) and ex-situ (known as ‘STARx’) (Sabadell
et al., 2019; Solinger et al., 2020) applications. STARx involves mixing wastes with sand
(to produce a smoulderable mixture) above ground (Sabadell et al., 2019).
Smouldering involves three key zones: inert heating, reaction, and cooling (Torero et
al., 2020). In an applied smouldering system, smouldering is initiated by applying an
external heat source to the fuel to provide a short term, localized energy input to the system
(Yermán, 2016). For wet fuels, the initial input of energy from the heater vaporizes a small,
localized region of fuel to support ignition, known as the inert heating zone (Pironi et al.,
2011; Rashwan et al., 2021a; Torero et al., 2020). The inert heating zone consists of
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endothermic processes (i.e., water boiling and evaporation) (Torero et al., 2020; Yermán,
2016). As the inert heating zone lengthens, the dry fuel continues to heat (Rashwan et al.,
2016). Ignition of the fuel is confirmed when the first thermocouple in the fuel bed peaks
(Pironi et al., 2009). Heat from ignition supports pyrolysis reactions (Yermán, 2016).
Forced air injection (supplying oxygen) supports oxidation and convective heat transfer to
propagate the smouldering front through the waste bed (Torero et al., 2020; Yermán, 2016).
In forward smouldering (i.e., in the direction of air flow), heterogenous oxidation supplies
heat to the adjacent condensed fuel, supporting pyrolysis reactions (Torero and FernandezPello, 1996). Both pyrolysis and oxidation reactions compete in the reaction zone (Zanoni
et al., 2020). As long as the fuel oxidation produces sufficient energy to support the
endothermic processes and overcome losses, smouldering will propagate in a selfsustaining manner until all the fuel is consumed (Yermán, 2016). This feature means that
smouldering treatment ranks highly for energy efficiency metrics and sustainability
rankings (Gerhard et al., 2020; Torero et al., 2020). After the fuel is consumed, the inert,
post-treatment materials are cooled via the injected air (Yermán, 2016).

2.2.2

Smouldering Sewage Sludge
Compared to incineration, smouldering is able to ignite much lower calorific value

fuels (e.g., sludges) with much higher MCs (Hadden and Rein, 2011; Rashwan et al., 2016;
Torero et al., 2020; Yermán et al., 2015). Smouldering has been shown to effectively treat
sewage sludge at both the laboratory-scale (0.0080 – 0.012 m3) (Feng et al., 2020; Rashwan
et al., 2021a, 2016), and drum-scale (0.28 – 0.79 m3) (Feng et al., 2021; Rashwan et al.,
2021a). When treating high moisture content and low permeability fuels, silica sand is
usually added to create higher permeability porous medium (Rashwan et al., 2016; Yermán
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et al., 2015). The proof-of-concept study by Rashwan et al. (2016), developed the
parameter space for smouldering sewage sludge mixed with sand at the laboratory scale,
based on the MC, sand-to-sludge ratio, and lower heating value (Figure 2.2). Up to 80%
MC (by mass) sewage sludge could be smouldered using a sand-to-sludge ratio of 3.5:1
(g/g), and a sand-to-sludge ratio as low as 1.5:1 (g/g) is feasible (Rashwan et al., 2016).
An alternative to adding an inert matrix involves adding granular biomass (e.g.,
woodchips, waste crushed carbon, nut shells) to sewage sludge prior to thermal treatment
to supplement low calorific values and improve treatment (Feng et al., 2021; Gorazda et
al., 2017; Kijo-Kleczkowska et al., 2016). One study explored the use of sawdust in
combination with sand to create the porous matrix and supplement the sewage sludge
during smouldering (Feng et al., 2021), however, a completely organic matrix has not been
used. The use of biomass for smouldering treatment of sewage sludge is promising,
however, it is not well studied (Torero et al., 2020; Wyn et al., 2020).
Treating these high moisture content fuels introduces some challenges. The preheating procedure vaporizes water from the fuel in a small, localized region adjacent to the
heater (Yermán et al., 2017). This water then recondenses further up the reactor and could
result in extinction if insufficient energy is provided by the fuel oxidation to overcome heat
losses (e.g., from excessive amounts of water boiling) (Rashwan et al., 2016; Torero et al.,
2020; Yermán, 2016; Yermán et al., 2017). Furthermore, the size of reactor may also
influence the smouldering performance of these systems (Rashwan et al., 2021b, 2021a).
Smaller laboratory scale smouldering experiments have been shown to be more
significantly influenced by heat losses and less efficient than at larger scales (65 ± 3%
efficiency in the lab versus 86 ± 5% in the drum reactor) (Rashwan et al., 2021b).
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Comparatively, larger, drum-scale experiments may in some circumstances be subjected
to more severe non-uniform air flux and non-uniform reactions, which, in combination can
significantly decrease smouldering performance (Rashwan et al., 2021a), which are also
potential concerns at full-scale operation. This variable smouldering performance could
pose challenges for managing other hazardous compounds in the sludge (e.g., endocrine
disrupting compounds), due to a greater potential for weaker smouldering conditions.

Figure 2.2: Parameter space delineating conditions for self-sustaining smouldering of
biosolids based on moisture content, sand-to-biosolids ratio, and the lower heating
value of the biosolids (Rashwan et al., 2016).
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2.3 Potential Benefits from the Thermal Treatment of
Sewage Sludge
Increases in the proportion of waste components being recycled and reused
compared to landfilled are evidence of societal shifts towards more sustainable practices.
Recent research and regulations have demonstrated growing interest in circular economies,
with significant focus on

making waste disposal processes more cyclic (Canadian

Municipal Water Consortium, 2015; Donatello and Cheeseman, 2013b; Fang et al., 2020;
Gorazda et al., 2017; Mayer et al., 2016; Mulchandani and Westerhoff, 2016).

2.3.1

Element Recovery

Resource recovery, in particular, for nutrients and metals, not only relieves the
depletion of essential elements but can also have environmental and economic benefits for
WWTPs (Neczaj and Grosser, 2018). Phosphorus is a key opportunity. For modern
agriculture to meet future global food demands, large quantities of phosphorus rich
fertilizer will be required (Mayer et al., 2016). Almost all phosphorus for fertilizers comes
from mined phosphate rock, where current global phosphate reserves are declining and
may be depleted in the upcoming decades (Fang et al., 2020; Li et al., 2016). Therefore,
there is significant interest in exploring recovery methods to extract phosphorus and other
limited resources from human waste streams (Mayer et al., 2016). The phosphorus present
in sewage sludge from WWTPs has similar concentrations of phosphorus found in
phosphate rock (Mayer et al., 2016). For an average Canadian WWTP servicing 200,000
people, approximately 1300 tonnes of phosphorus is present in the sewage sludge annually
(London, 2019a), making it an important reservoir and promising source of phosphorus
recovery. Moreover, recovering PTEs – such as chromium and zinc – from sewage sludge
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ash has a twofold benefit of removing these PTEs from a pathway into the environment
and providing value-added recovery (Westerhoff et al., 2015).

2.3.1.1

Methods of Phosphorus Extraction

More than 90% of phosphorus can be leached from incinerated sewage sludge ash
through an acid extraction at a pH < 2 (Krüger and Adam, 2014; Petzet et al., 2012; Schaum
et al., 2007). This pH may maximize phosphorus recovery; however, highly acidic
extraction solutions produce hazardous waste that are difficult and costly to dispose of
(Mulchandani and Westerhoff, 2016). During acidic extraction procedures, PTEs are also
dissolved into solutions (Donatello and Cheeseman, 2013a). Therefore, additional
processing is required to separate the recovered phosphorus from PTEs (Takahashi et al.,
2001). However, the high dissolution of both phosphorus and other PTEs at low pH could
be beneficial by creating a synergistic recovery opportunity whereby harmful elements are
removed, and the value-added recovery is increased (Krüger and Adam, 2014; Westerhoff
et al., 2015). Several studies have developed innovative separation methods including a
sequential dissolution (Takahashi et al., 2001), Al-P dissolution and Ca-P precipitation
(SESAL) (Petzet et al., 2012), ion exchange and sulphide treatment (Franz, 2008), and
nanofiltration (Schaum et al., 2007).
An alternative to the typical acidic recovery procedures uses an alkaline extractant
(Petzet et al., 2012). The differences in extraction efficiency from incinerated sewage
sludge ash at different pH values was explored by Schaum et al. (2007). Additionally, the
study showed the relationship between the total phosphorus and calcium content of the
incinerated sewage sludge ash and the phosphorus recovery potential using alkaline
extractants. Schaum et al., (2007) observed that lower calcium content relative to
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phosphorus content resulted in the maximum recovery at high pH, while a ratio of total
phosphorus-to-calcium between 0.75-1 resulted in a mere 0-30% phosphorus recovery.
Numerous studies have shown that sewage sludge incineration results in a significant
portion of the phosphorus being mineralized as calcium phosphate compounds (Adam et
al., 2009; Petzet et al., 2012; Schaum et al., 2007). Since calcium phosphate is only soluble
in acids (Stumm and Morgan, 2012), the formation of calcium phosphates during the
thermal treatment of the sludge is binding phosphorus in a form that can only be recovered
using acidic extractants.

2.3.1.2

Methods of Extraction for Elements other than Phosphorus

Several studies have assessed methods of recovering PTEs from the incineration of
municipal solid waste (MSW) (Karlfeldt Fedje et al., 2010; Wu and Ting, 2006; Zhang and
Itoh, 2006) and biosolids (J. Deng et al., 2009; Gheju et al., 2011). PTEs present in posttreatment incinerator ash in high concentrations may permit economic recovery and reuse
(Bosshard et al., 1996). Leaching methods are often applied to recover PTEs from posttreatment ashes (Bosshard et al., 1996; Wang et al., 2001; Wu and Ting, 2006; Yang et al.,
2009). Typical methods used for PTE extraction from treated waste ashes include chemical
leaching (Gorazda et al., 2017; Petzet et al., 2012; Stark et al., 2006; Wu and Ting, 2006),
bioleaching (Bosshard et al., 1996; Wu and Ting, 2006; Xu et al., 2014; Yang et al., 2009),
and water-washing (Wang et al., 2001). Chemicals (e.g., organic acids) added to the ash
can form complexes with the PTEs that are more readily leached and subsequently removed
from the ash (Karlfeldt Fedje et al., 2010). Bioleaching uses microorganisms to oxidize
PTEs during the production of organic and inorganic acids (Xu et al., 2014). Alternatively,
washing the post-treatment ash with water has also been shown as an effective method of
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PTE removal (Wang et al., 2001). While chemical leaching may be highly effective at
extracting PTEs, it produces large quantities of waste that is difficult to dispose of
(Donatello and Cheeseman, 2013a). Therefore, bioleaching and water washing are
typically considered to be more environmentally favourable methods (Rhee and Mishra,
2010; Wang et al., 2001).
Previous research on PTE recovery from incinerated sewage sludge ash has shown
that using an acidic extractant results in the highest recovery of zinc and nickel (J. Deng et
al., 2009; Gheju et al., 2011). High removal of zinc and nickel has been associated with
weak adsorption of these PTEs to sludge biomass or presence as inorganic precipitates,
both of which are easily soluble in strong acid (Gheju et al., 2011). Chromium has been
shown to be one of the most difficult elements to extract from both virgin sludge and the
post-treatment materials under all pH conditions (Gheju et al., 2011; Wozniak and Huang,
1982). High organic contents of sewage sludge tend to strongly adsorb with chromium and
lead (Gheju et al., 2011). For soil organic matter, release of chromium is only possible
under pH conditions significantly less than 2 where the solids matrix is also dissolved
(Pichtel and Pichtel, 1997), the same is likely true for sewage sludge. Additionally, copper
has been shown to strongly bind to the sewage sludge biomass resulting in lower recovery
(J. Deng et al., 2009). Molybdenum has been shown to be more available under neutral to
alkaline conditions than acidic (Lahann, 1976).
It is difficult to directly compare between extraction efficiencies observed in
literature due to significant procedural variabilities (Krüger & Adam, 2015) including
differences in extraction times (e.g., 2 hours versus 24 hours), liquid-to-solids ratios (e.g.,
10:1 versus 50:1), and the strength and type of the chemical extractants (e.g., 0.5 M versus
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2 M acid solution) (J. Deng et al., 2009; Fang et al., 2018; Gheju et al., 2011; Krüger and
Adam, 2014).

2.3.2

Land Application and Associated Considerations
An alternative to element recovery from sewage sludge and treated ashes is direct

land application (Donatello and Cheeseman, 2013b). However, several concerns arise
when considering the direct application of sewage sludge as a fertilizer. High water and
organic matter content, pathogens, and numerous compounds of concern in the sludge can
require sludge processing prior to such use (Hossain et al., 2011; McBride, 1995). Thermal
processes for managing sewage sludge are now common in the industry. For example,
incineration allows for volume reduction and contaminant destruction (Adam et al., 2009).
However, these thermal treatment methods may impact the efficacy of the ash as a soil
amendment (Gorazda et al., 2017; Hossain et al., 2011; Mattenberger et al., 2008).

2.3.2.1

Bioavailable Phosphorus

One of the considerations that should be included when assessing viability of a
material as a phosphorus rich fertilizer is the biological availability of phosphorus
containing macro-nutrients i.e., phosphorus bioavailability (Johnston and Steen, 2002).
This is particularly true when high temperatures, such as those experienced in sewage
sludge incineration, are involved since they can affect phosphorus bioavailability (Pape et
al., 2015) as well as bioavailability of elements of potential concern.
Bioavailable phosphorus is typically divided into three pools based on the
timeframe of availability for uptake by plants, namely, the short-term or immediately
available pool, the medium-term pool, and the long-term or unavailable pool (Pansu and
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Gautheyrou, 2007). Each of these pools consists of different phosphorus containing
compounds. The short-term pool contains mainly orthophosphate (PO43-), the most reactive
form of inorganic phosphorus, which is readily soluble and therefore easily utilized by
plants (Johnston et al., 2014). The medium-term phosphorus pool is associated with
phosphorus bound to aluminum and iron oxides and hydroxides (Cross and Schlesinger,
1995; Li et al., 2015; Pansu and Gautheyrou, 2007). Finally, the long-term pool or
unavailable phosphorus is considered to consist primarily of calcium bound apatite mineral
compounds (Li et al., 2015; Pansu and Gautheyrou, 2007).
Some studies have shown that heating affects phosphorus in environmental
matrices. For example, the burning process during forest fires resulted in changes in the
forms of phosphorus compounds present in the soil (Galang et al., 2010). Since certain
phosphorus compounds are more readily available for uptake by plants than others, changes
to the various fractions of phosphorus containing compounds during combustion may alter
the bioavailability. Several studies have observed that incinerating sewage sludge at
temperatures at or above approximately 600°C results in a decrease in phosphorus
bioavailability by at least 50% due to the phosphorus being transformed into forms in the
long-term phosphorus pool (Möller et al., 2007; Qian and Jiang, 2014; Thygesen et al.,
2011). Alternatively, lower treatment temperatures around 400°C have been shown to have
similar quantities of plant available phosphorus as raw sewage sludge (Thygesen et al.,
2011) and increased phosphorus in the medium-term pool (Qian and Jiang, 2014). Previous
research has primarily focused on investigating how incineration (Franz, 2008; Nanzer et
al., 2014) and pyrolysis (Müller-Stöver et al., 2018; Qian and Jiang, 2014) of sewage sludge
affects the quantity and bioavailability of phosphorus.
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Understanding the bioavailable fractions of phosphorus compounds within the
smouldered ash is important to develop best practices for land application as a phosphorus
rich fertilizer. Although high bioavailable phosphorus fractions are favourable to promote
plant growth, this fraction has the potential to contribute to water contamination if
improperly distributed (Gerdes and Kunst, 1998). When fertilizers are land applied, there
is the potential for some of the nutrients to leach into the subsurface or be transported via
runoff and enter surface waters (Johnston and Steen, 2002). Bioavailable phosphorus
within freshwater bodies can contribute to early eutrophication by promoting rapid algal
growth and ultimate consumption of dissolved oxygen (Gerdes and Kunst, 1998).

2.3.2.2

Methods for Understanding Phosphorus Bioavailability:
Sequential Extraction

Numerous methods have been developed to quantify phosphorus, especially
bioavailable phosphorus, in a wide range of solids. Most literature and analytical methods
focus on soils and the Hedley sequential fractionation method (Hedley et al., 1982)
dominates the field (Chen and Ma, 2001; Condron et al., 1990; Cross and Schlesinger,
1995). Hedley forms the basis for many related sequential fractionation methods (Huang
et al., 2008; Iyamuremye et al., 1996; Tiessen and Moir, 1993; Zhang and Kovar, 2009).
Common modifications to the Hedley method include (i) an initial deionized water step
prior to anion exchange resin (Huang et al., 2008), (ii) excluding quantification of
microbial phosphorus (Iyamuremye et al., 1996), (iii) eliminating sonication during the
extraction of moderately-bound phosphorus (Tiessen and Moir, 1993), and (iv) using
heated digestion to quantify residual (unavailable) phosphorus (Zhang and Kovar, 2009).
The purpose of the Hedley method is to quantify the inorganic and organic phosphorus
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present in the various soil fractions. During the extraction procedure, progressively
stronger chemical extractants are used to extract the more recalcitrant forms of phosphorus
(Linquist et al., 1997). Inferences are then drawn between the quantity of phosphorus
within the fractions and the potential sources and sinks of available phosphorus over time
(Verma et al., 2005).
Despite sequential phosphorus extraction procedures being extensively used in
research to quantify bioavailable phosphorus, numerous studies have been conducted that
identify and address issues with fractionation procedures (e.g., (Guggenberger et al., 1996;
Neyroud and Lischer, 2003; Soinne, 2009)). The chemical extractant and molarity used to
quantify the phosphorus present in each pool is highly variable depending on the extraction
procedure followed. Table 2.1 summarizes the significant variability among studies.
Since phosphorus dissolution and release is highly dependent on pH (Bolan and
Hedley, 1990), extraction methods are likely to yield different results for available
phosphorus depending on chosen extractants and procedure order (Neyroud and Lischer,
2003; Soinne, 2009). Soinne (2009) compared the sequential phosphorus extraction
procedures outlined by Chang and Jackson (1957) and Hedley et al. (1982) and found that
each step influenced the solubility of the proceeding extraction. The same results were
reached in a study by Neyroud and Lischer (2003) which concluded that it can be difficult
to draw correlations between laboratory extractions and natural bioavailability due to the
significant variability in the quantity of available phosphorus measured depending on the
extraction procedure followed.
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The third and fourth steps of the Hedley method utilize sodium hydroxide (NaOH)
as the chemical extractant which have been shown to overestimate the inorganic
phosphorus fraction within this pool due to the hydrolyzation of the organic phosphorus
(Guggenberger et al., 1996). Since the Hedley method is a sequential extraction, erroneous
results in a single step will impact the proceeding extractions. Extractions with strong bases
(e.g., NaOH) and strong acids (e.g., HCl) produce results with limited applicability since
the pH at each step of the extraction is significantly different than the sediment (Golterman,
1996). Furthermore, strong extractants can change the chemical structure of phosphorus
species (Cade-Menun and Preston, 1996; Gikonyo et al., 2011; Guggenberger et al., 1996;
Hartikainen and Yli-Halla, 1996). As a consequence, conclusions on phosphorus
availability from studies using fractionation methods are inconsistent (Hartmann et al.,
2019; Neyroud and Lischer, 2003) and sometimes contradictory (Johnson et al., 2003).
Studies assessing phosphorus availability in other solids including animal manure
and sewage sludge have used modified versions of Hedley and soil phosphorus test
procedures (González Medeiros et al., 2005; Huang et al., 2008; Qian and Jiang, 2014;
Self-Davis and Moore Jr, 2000; Xu et al., 2012b). Only a few studies have attempted to
fractionate phosphorus in sewage sludge (Han et al., 2019; Huang et al., 2008; Qian and
Jiang, 2014; Xu et al., 2012a). Such evaluations are anticipated to suffer from the same
problems identified for sequential fractionation of phosphorus in soils and may well be
amplified because of the higher organic matter content of sludge.
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Table 2.1: Summary of the Chemical Extractants Utilized by Sequential Extraction
Studies to Quantify Bioavailable Phosphorus in Soils
P-pools

Bioavailability

Soluble-P

Readily

Loosely
bound-P/
Labile

Readily

Al-P

Potentially soluble
under anoxic and
reducing conditions
Potentially soluble
under anoxic and
reducing conditions
Phosphorus from the
matrices of
aggregates and
minerals

Fe-P
Reductant
soluble-P/
Moderately
labile
Ca-P

Occluded-P

Residual

Inorganic phosphorus
from apatite or
octocalcium
phosphate
Resistant inorganic
phosphorus

Slowly or nonexchangeable from
mineral surface

Extractant

Method

0.03 N NH4F + 0.025 N HCl
0.5 M NaHCO3
1 M NH4Cl
Resin
1 M NH4Cl
FeCl3 strips
Resin
Water a
0.5 M NaHCO3
0.5 M NaHCO3
0.1 N NaOH + 1 M NaCl
MgCl2
0.5 M NaHCO3
1 M NH4Cl a / 0.5 M NaHCO3 b
0.5 M NH4F
0.5 M NH4F + NaCl a

Bray & Kurtz (1945)
Olsen (1954)
Chang & Jackson (1957)
Hedley et al. (1982)
Olsen & Sommers (1982)
Menon et al. (1989)
Tiessen & Moir (1993)
H. Zhang & Kovar (2009)
Bowman & Cole (1978)
Hedley et al. (1982)
Olsen & Sommers (1982)
Ruttenberg (1992)
Tiessen & Moir (1993)
H. Zhang & Kovar (2009)
Chang & Jackson (1957)
H. Zhang & Kovar (2009)

0.1 M NaOH
CDB + MgCl2
0.1 M NaOH a
0.5 M NaOH
0.1 M NaOH
1 M NaCl + 0.3 M Na3C3H6O7
0.1 M NaOH
0.3 M Na3C3H6O7 + 1 M NaHCO3 +
0.5 g Na2S2O4 a / 1 M HCl b
0.25 M H2SO4
1 N HCl
Acetate buffer + MgCl2
0.25 M H2SO4 a
0.1 M NaOH
1 M HCl
1 g Na2S2O4
1 M HCl
1 M HCl
0.5 M NaOH b
Ashing c
Conc. H2SO4
Ashing c + 1 M HCl + Conc. H2SO4
Conc. H2SO4 + H2O2
Ashing c + 1 M H2SO4 b

Chang & Jackson (1957)
Ruttenberg (1992)
H. Zhang & Kovar (2009)
Bowman & Cole (1978)
Hedley et al. (1982)
Olsen & Sommers (1982)
Tiessen & Moir (1993)
H. Zhang & Kovar (2009)

a

Chang & Jackson (1957)
Olsen & Sommers (1982)
Ruttenberg (1992)
H. Zhang & Kovar (2009)
Chang & Jackson (1957)
Hedley et al. (1982)
Olsen & Sommers (1982)
Ruttenberg (1992)
Tiessen & Moir (1993)
H. Zhang & Kovar (2009)
Bowman & Cole (1978)
Hedley et al. (1982)
Ruttenberg (1992)
Tiessen & Moir (1993)
H. Zhang & Kovar (2009)

Sequential extraction scheme for inorganic-P by Zhang and Kovar (2008)
Sequential extraction scheme for organic-P by Zhang and Kovar (2008)
c
Ashing performed at 550°C
b
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2.3.2.3

Leaching and Assessment Methods

Accumulation of phosphorus within soils can increase the risk of phosphorus
leaching (Abdala et al., 2015; Maguire and Sims, 2002). Several studies have demonstrated
that phosphorus leaching may occur from soils that have been applied with manures
(Abdala et al., 2015; Jalali and Ostovarzadeh, 2009) and inorganic fertilizers (Maguire and
Sims, 2002; Turner and Haygarth, 2000). In addition to supplying nutrients to soil, the
application of fertilizers may also impact PTE mobility by increasing the solubility of
certain PTEs (del Castilho et al., 1993; Japenga et al., 2006).
PTEs exist naturally in soils in trace concentrations (Kabata-Pendias, 2000).
Contamination of PTEs in the environment has primarily been due to anthropogenic
influences including mine tailings, improper waste disposal, and fertilizer application
(Khan et al., 2008). Several studies have shown that the application of sewage sludge as a
fertilizer can increase the concentrations of toxic metals in both the soil and groundwater,
potentially resulting in safe level exceedances (Keller et al., 2002; Wierzbowska et al.,
2016). Therefore, when evaluating a material for use as a fertilizer, it is essential to
understand elemental availability and release.
Phosphorus retention and transport in the subsurface depends on both chemical
(e.g., pH) and hydrological (e.g., soil permeability) properties (Maguire and Sims, 2002).
Common methods for assessing the potential for phosphorus losses from soils include
column leaching experiments and phosphorus tests (Kumaragamage et al., 2011). Column
leaching experiments are beneficial because they can mimic subsurface hydrological
conditions and provide an indication of leaching potential under various rainfall conditions
(Banzhaf and Hebig, 2016). Most commonly, column experiments are performed at the
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native pH of the sediment which does not demonstrate how leaching is influenced by pH
changes. Historically, phosphorus test methods in both Canada and the U.S. have been
divided into agronomic and environmental phosphorus tests (Kumaragamage et al., 2011).
The purpose of agronomic phosphorus tests (including Bray and Kurtz P-1, Mehlich P-1,
Mehlich P-3, and Olsen-P) is to maximize economic gain from fertilizers, while
environmental phosphorus testing (including water-extractable and Fe-impregnated strips)
is aimed at assessing the potential implications and fate of soil phosphorus (Kumaragamage
et al., 2011; Y. T. Wang et al., 2015). Agronomic and environmental phosphorus tests are
commonly performed as batch experiments and can provide insights into leaching
behaviour under various chemical conditions; however, they are limited in their ability to
account for hydrological properties (Y. T. Wang et al., 2015). Most leaching tests are meant
to simulate the release of constituents under a pre-defined release scenario restricting their
relevance (Kosson et al., 2017).
Following decades of development, the USEPA released the Leaching
Environmental Assessment Framework (LEAF) in 2010. LEAF is a characterization-based
leaching framework combining experimental data on relevant intrinsic leaching behaviour
with scenario-specific information for environmental assessments (Kosson et al., 2017).
LEAF includes method 1313 which consists of a series of parallel batch experiments to
produce a liquid-solid partitioning curve of the sediment of interest as a function of pH
(USEPA, 2012a). The complementary USEPA Method 1314 involves a column
percolation experiment to obtain eluate concentrations and/or cumulative release as a
function of the liquid-to-solids ratio (USEPA, 2012b). Previously, LEAF has been used to
assess leaching behaviour of PTEs from coal fly ash (Garrabrants et al., 2014; Tiwari et
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al., 2015), MSW incinerator ash (Zhang et al., 2016), concrete waste (Garrabrants et al.,
2014; Kosson et al., 2014), and sewage sludge compost (Fang et al., 2016). Using LEAF
to assess phosphorus is less common and has been used for inorganic phosphorus from
mining waste (L. Jiang et al., 2016; L. G. Jiang et al., 2016). The methodology seems
promising to evaluate bioavailable phosphorus for a wide range of organic and inorganic
matrices.

2.4 Potential Harmful By-Products from the Thermal
Treatment of Sewage Sludge
Sewage sludge contains high quantities of PTEs and many emerging contaminants
such as antibiotic resistant bacteria, polychlorinated dibenzo-p-dioxins (PCDDs) and
polychlorinated dibenzofurans (PCDFs), and perfluorinated compounds (Jiwan and Ajah,
2011; Zhou et al., 2019), which have been shown to cause adverse human health and
environmental impacts (Zhang et al., 2017b). Therefore, there is strong interest in thermal
conversion techniques that limit the environmental release of these harmful substances
(Pudasainee et al., 2013; Werther and Ogada, 1999; Zabaniotou and Theofilou, 2008). In
particular, incineration is an attractive option for treating sewage sludge due to its ability
to destroy organic contaminants (Werther and Ogada, 1999). However, the by-product
emissions from sewage sludge incineration often contains hazardous compounds that
require additional treatment, e.g., PTEs (especially metals), volatile organic compounds
(VOCs), polyaromatic hydrocarbons (PAHs), and PCDD/Fs (Fullana et al., 2004;
Pudasainee et al., 2013; Shao et al., 2008; Werther and Ogada, 1999). Similar by-products
may be formed and/or released during sewage sludge smouldering; however, research in
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this area is limited and focuses on common combustion gases (e.g., O2, CO, CO2, CH4)
(Feng et al., 2021; Rashwan, 2020; Rashwan et al., 2021a).

2.4.1

Potentially Toxic Elements (PTEs)
The by-products from the incineration of sewage sludge (Han et al., 2006; Marani

et al., 2003; Pudasainee et al., 2013) and MSW (R. G. Barton et al., 1988; Karlfeldt Fedje
et al., 2010; Łach et al., 2016) have been studied extensively in literature. The primary
PTEs of concern during the combustion of both municipal solid waste and sewage sludge
are Cd, Pb, Hg, Cr, As, and Be (Fullana et al., 2004; Shao et al., 2008). PTEs emitted
during the incineration process pose a serious risk to human health and the environment
which is why their atmospheric release is heavily regulated and emissions treatment is an
essential component of the waste treatment process (Senior et al., 2000).
Several factors have been identified to influence the distribution of PTEs during
incineration including properties and type of waste; physicochemical properties of specific
elements; reactor type; residence time; and incineration conditions, such as temperature
and airflow rate (Nowak et al., 2013; Zhang et al., 2008). For example, metallic elements
with high vapour pressures are more likely to be vaporized and adsorb onto particles within
the exhaust gas (Senior et al., 2000). The high temperatures associated with incineration
can result in an increase in the vaporization of certain metallic elements by providing
conditions which alter chemical forms, producing compounds with higher vapour pressures
(R. Barton et al., 1988; Council, 2000). When toxic metals are volatilized, they either
adsorb onto particulate matter present in the combustion emissions, or they recondense
back into the ash (Pudasainee et al., 2013).
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2.4.1.1

PTEs in Smouldering Systems

Recently, smouldered sewage sludge ash has been shown as likely safe for
landfilling (Feng et al., 2020), but more work is still needed to understand compounds
being formed and/or released from sewage sludge smouldering, especially within the
emissions.
There are several reasons why metal emissions may be reduced in smouldering
applications relative to incineration: (i) the lower air flow rates and use of fixed beds,
compared to the fluidized bed incinerators, may result in less mobilization of particulate
matter; (ii) the lower operating temperatures may result in lower quantities of metals being
volatilized, and (iii) the fact that smouldering produces negligible soot, reducing the
potential for sorbed metal transport in the emissions (Torero et al., 2020; Wyn et al., 2020).
With potentially lower quantities of metals being released in the emissions; these elements
are likely to be retained within the sand and ash of the reactor which may simplify and
increase the potential for recovery and reuse of these compounds.

2.4.2

Dioxins and Furans (PCDD/Fs)
Similar to PTEs, the release of PCDD/Fs during sewage sludge incineration is a

major concern because these compounds are highly toxic and persistent (Fiedler, 2003;
Reiner, 2016; Van Den Berg et al., 2006). PCDD/Fs may enter WWTPs from a variety of
sources such as via runoff containing pesticides. Within WWTPs, PCDD/Fs have been
shown to behave quite conservatively, being retained and concentrated in sewage sludge
(Jones and Sewart, 1997).
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PCDD/Fs are planar molecules whose structure includes two benzene rings
connected by two oxygen bridges (PCDD), or an oxygen bridge and chlorine atom (PCDF)
(Reiner, 2016). PCDD/Fs can contain one to eight chlorine atoms that can be attached in
multiple locations, forming 75 different PCDDs and 135 different PCDFs (Reiner, 2016).
The seventeen PCDD/Fs containing chlorine atoms in the 2,3,7,8 positions on the benzene
ring are considered the most toxic and are used to approximate the toxic equivalent quantity
(TEQ) of a compound (Reiner, 2016). The TEQ considers both the toxicity of the congener,
and typical concentrations (Van Den Berg et al., 2006). The toxicity is determined by
multiplying the concentrations of the 2,3,7,8 – positional congeners (i.e., the most toxic)
by their respective toxic equivalency factors (TEFs) (Van Den Berg et al., 2006). As our
understanding of PCDD/Fs evolve, the TEFs are being updated (NATO/CCMS, 1988;
USEPA, 2003; Van Den Berg et al., 2006). Progressions of the TEFs are presented in
Table 2.2.
Although typically produced in low concentrations, PCDD/Fs are extremely
harmful – even at low concentrations – due to their persistence, lipophilicity, mutagenicity,
and bioaccumulation (McKay, 2002; Zhang et al., 2017a). Therefore, there is no safe limit
for these compounds (Schecter and Gasiewicz, 2005). Dioxins and furans are known
carcinogens, and exposure to these compounds has also been associated with reproductive
and developmental issues, and immune system damage (Schecter and Gasiewicz, 2005).
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Table 2.2: Common internationally accepted Toxic Equivalency Factors (TEFs) for
PCDD/Fs
Congener
EPA (1987)
NATO (1988) WHO (1998) WHO (2005)
PCDDs
2378-TCDD
1
1
1
1
12378-PeCDD
0.5
0.5
1
1
123478-HxCDD
0.04
0.1
0.1
0.1
123678-HxCDD
0.04
0.1
0.1
0.1
123789-HxCDD
0.04
0.1
0.1
0.1
1234678-HpCDD
0.001
0.01
0.01
0.01
OCDD
0
0.001
0.0001
0.0003
PCDFs
2378-TCDF
0.1
0.1
0.1
0.1
12378-PeCDF
0.1
0.05
0.05
0.03
23478-PeCDF
0.1
0.5
0.5
0.3
123478-HxCDF
0.01
0.1
0.1
0.1
123678-HxCDF
0.01
0.1
0.1
0.1
234678-HxCDF
0.01
0.1
0.1
0.1
123789-HxCDF
0.01
0.1
0.1
0.1
1234678-HpCDF
0.001
0.01
0.01
0.01
1234789-HpCDF
0.001
0.01
0.01
0.01
OCDF
0
0.0001
0.0001
0.0003

2.4.2.1

PCDD/Fs in Combustion Systems

Any thermal process proceeding in the presence of carbon, chlorine, oxygen, and
metal catalyst has the potential to produce PCDD/Fs (Stanmore, 2004; Zhang et al., 2017a).
The most common sources for PCDD/F production from combustion processes include
incineration (e.g., of sewage sludge or MSW) (Aurell, 2008; W. Deng et al., 2009; Fullana
et al., 2004), fossil fuel combustion (Lin et al., 2007), wood combustion (Gullett and
Touati, 2003; Schatowitz et al., 1994), and sintering plants (Lin et al., 2007; Ooi and Lu,
2011).
Two temperature windows have been reported for PCDD/F formation, 500-800°C
where ‘homogenous’ pyrogenic routes proceed in the gas phase, and 200-400°C with
‘heterogenous’ catalytic gas/solid reactions (McKay, 2002; Stanmore, 2004; Zhang et al.,
2017a). Homogenous formation accounts for much less production than heterogenous
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mechanisms (Altarawneh et al., 2009; Stanmore, 2004). Heterogenous pathways can be
further divided into (a) de novo synthesis, and (b) precursor pathways (Stanmore, 2004).
Several studies have explored the mechanisms of PCDD/F formation during combustion
processes (mostly incineration), and it is generally agreed that the major formation
pathways are: (i) incomplete combustion of existing PCDD/Fs fed to the combustor; (ii)
reactions from precursor compounds; and (iii) de novo synthesis from carbon and chlorine
(McKay, 2002; Stanmore, 2004; Zhang et al., 2017a).

2.4.2.2

Fate of PCDD/Fs during Incineration

Elevated temperatures, such as those typically observed during incineration,
typically support complete combustion and therefore the degradation of PCDD/Fs (Zhang
et al., 2017a). The residence time is an important consideration in combination with the
treatment temperature. For example, PCDD/Fs can be destroyed when exposed to slightly
lower temperatures and longer residence times (e.g., 2s at 800 – 900°C), or slightly higher
temperatures and shorter residence times (e.g., 1s at >1000°C) (Aurell, 2008; McKay,
2002).
Fluidized bed incinerators immediately subject sludge to high temperatures 750 –
925°C for 2 – 5 seconds (USEPA, 1995). Since these conditions have been shown to be
sufficient for complete destruction of PCDD/Fs originally present in the sludge, most
PCDD/Fs in incinerator emissions are thought to be produced through heterogeneous
production pathways in the post-combustion chamber (Altwicker et al., 1992; Lavric et al.,
2004).
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2.4.2.3

Heterogeneous Pathways of Formation

Volatile matter released during the pyrolysis and oxidation reactions of combustion
systems tend to form cyclic compounds in the emissions, e.g., aromatics, PAHs, and soot
(Zhang et al., 2017a). Insufficient oxygen supply, temperature, or residence time may not
fully degrade volatile matter into typical combustion by-products, i.e., carbon dioxide and
water (Caillat and Vakkilainen, 2013). The result is the formation of products of incomplete
combustion (PICs) (Zhang et al., 2017a). PICs may then be converted into PCDD/Fs via
precursor and de novo synthesis pathways, or through direct chlorination of dibenzofuran
and dibenzo-p-dioxin (Addink and Olie, 1995; Altarawneh et al., 2009; Tame et al., 2007).
Precursors to PCDD/Fs are compounds that are structurally similar to dioxins
(Stanmore, 2004). The most common precursor compounds include chlorophenols (e.g.,
from herbicides), chlorobenzenes (e.g., from pharmaceuticals), polychlorinated biphenyls
(e.g., from dyes), and polycyclic aromatic hydrocarbons (Addink and Olie, 1995;
Tuppurainen et al., 1998). These precursors may form PCDD/Fs by relatively
straightforward reactions and are thermodynamically favoured at low temperature due to
the strong structural similarities between the compounds (Huang and Buekens, 1995;
Stanmore, 2004). For example, the condensation of chlorophenols is a documented
mechanism of formation (Figure 2.3) (Tame et al., 2007). Precursors that are more
structurally similar to PCDD/Fs and have a faster reaction rate than simpler cyclic
aromatics. For example, the reaction rate for chlorophenols is two orders of magnitude
faster than chlorobenzene (Altwicker et al., 1992). Certain metals present in the sewage
sludge (especially copper) may act as catalysts and further promote the formation of
PCDD/Fs during combustion (Olie et al., 2011; Tame et al., 2007).
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Figure 2.3: Condensation of chlorophenols, forming 1,3,6,8-PCDD (Zhang et al.,
2017a)
Similar to the precursor compounds, de novo synthesis reactions occur on the
surface of carbonaceous solids (e.g., soot) with additional volatilized chlorine (Altarawneh
et al., 2009; Stanmore, 2004; Zhang et al., 2017a). During de novo synthesis, the combined
chlorine-carbon matrix experiences oxidative degradation (Figure 2.4) (Zhang et al.,
2017a). These reactions are also catalyzed by metals in the emissions which can lower the
temperatures required for the oxidative degradation (Addink and Olie, 1995; Stieglitz et
al., 1993). Relative to precursor formation, de novo synthesis has slower reaction rates
(Altwicker and Milligan, 1993; Dickson et al., 1992). Furthermore, for fuels containing
minute quantities of chlorinated compounds (especially CuCl2), formation of PCDD/Fs via
de novo synthesis are likely minimal (Tame et al., 2007). The presence of chlorinated
compounds in sewage sludge has been shown to increase PCDD/F formation during
incineration, however, the extent of this increase is dependent on the initial content in the
sludge and will therefore vary (Fullana et al., 2004).
The high sulfur to chlorine ratio typically observed in sewage sludge may inhibit
the formation of PCDD/Fs via de novo pathways (W. Deng et al., 2009; Werther and
Ogada, 1999). The presence of sulfur promotes the formation of sulfur dioxide (SO2) since
it is more thermochemically favourable for the sulfur to react with oxygen instead of the
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chlorine (Fullana et al., 2004; Werther and Ogada, 1999). The chlorine will then react with
the hydrogen, forming hydrochloric acid (HCl) following the Deacon reaction (Equation
2.1)(Griffin, 1986). Since chlorination is less favourable by HCl than Cl2, chlorination
reactions will be reduced (Griffin, 1986).
𝑆𝑂2 + 𝐶𝑙 + 𝐻2 𝑂 ↔ 𝑆𝑂3 + 𝐻𝐶𝑙

(2.1)

Similar to PCDD/F formation via precursor transformation, de novo synthesis is
catalyzed by metals that are emitted during incineration (Olie et al., 2011). The sulfates
and HCl compete for these metals which helps reduce the formation of chlorinated
pollutants (Ke et al., 2010; Ryan et al., 2006). However, this method results in the
production of SOx and HCl, both of which are hazardous emissions and would need to be
treated (Syed-Hassan et al., 2017).
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Figure 2.4: Potential reaction pathways for de novo synthesis of PCDD/Fs, where the
red arrows represent the most likely pathways (Tame et al., 2007).

2.4.2.4

PCDD/Fs in Smouldering Systems

While heterogeneous reactions at the gas – solids interface are generally the
dominant PCDD/F formation mechanisms in incinerators (Fullana et al., 2004; Stanmore,
2004; Zhang et al., 2017a), the same may not be true for smouldering systems. Smouldering
systems often exhibit lower treatment temperatures (~400-550°C) that may promote
PCDD/F release/formation instead of destruction (W. Deng et al., 2009). Furthermore,
since smouldering is generally limited by oxygen transport to the fuel surface, it often
results in incomplete combustion (Grant et al., 2016; Torero et al., 2020; Wyn et al., 2020).
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The extent of combustion completeness in incinerators has been shown to affect the release
PCDD/Fs in incinerator emissions, where more incomplete combustion generally
corresponds to higher amounts of PCDD/Fs in the emissions (Fiedler, 2003; McKay, 2002).
A metric that may be important for evaluating the behaviour of PCDD/Fs in
smouldering systems is combustion performance, which may be more sensitive, and
therefore, variable than incinerators (Rashwan et al., 2021c, 2021b, 2021a). With
smouldering, the sludge is treated in a fixed bed where the combustion performance may
be variable and influenced by both radial heat losses and reaction uniformity (Rashwan et
al., 2021d, 2021c). Radial heat losses in the cooling zone behind the smouldering front can
lead to non-uniform air flux (Rashwan et al., 2021d). Non-uniform reactions have been
shown to result in an unburned crust around the edges of the reactor (Rashwan et al.,
2021a). Combined, non-uniform reactions and non-uniform air flux may reduce overall
smouldering performance enough to cause extinction (Rashwan et al., 2021c). The lower
peak temperatures and significant unburned edges that result from reduced smouldering
performance could limit the destruction of PCDD/Fs originally present in the waste
material which has been demonstrated with other combustion systems (Aurell, 2008).
Therefore, smouldering performance is an important factor that needs to be considered
when evaluating PCDD/F behaviour during sewage sludge smouldering.
Filtration by the inert porous media ahead of the smouldering front has been
observed in applied smouldering systems (Kinsman, 2015). This filtration results in less
particulate matter in the emissions from smouldering reactors compared to typical
incinerators (Torero et al., 2020). Since particulate matter in the post-combustion region is
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required for de novo synthesis of PCDD/Fs to occur (McKay, 2002; Zhang et al., 2017a),
smouldering systems seem less likely to produce PCDD/Fs via this pathway.

2.4.3

Per- and Poly-Fluorinated Substances (PFAS)
Per- and poly-fluoroalkyl substances (PFAS) are a group of thousands of chemicals

with the chemical structure CnF(2n+1) – R (where R is the attached functional group) (Buck
et al., 2011). The properties of PFAS, including chemical and thermal stability (due
partially to the C – F bond), have made them useful in many applications including
firefighting foams, aerospace, medical use, and household use (e.g., non-stick cookware)
(Kissa, 2001). However, these compounds pose serious health risks, including
neurotoxicity, reproductive issues, and increased cancer risk (Lindstrom et al., 2011;
Miralles-Marco and Harrad, 2015). The PFAS of highest concern include perfluorooctane
sulfonate (PFOS; containing a sulfonic acid functional head group) and perfluorooctanoic
acid (PFOA; containing a carboxylic acid functional head group), both of which are also
the most common PFAS (Buck et al., 2011). Due to their toxicity and persistence in the
environment, both PFOS and PFOA production have been restricted around the world
(UNEP, 2019; USEPA, 2020). Furthermore, regulations on PFOS and PFOA have also
been implemented for drinking water (Pontius, 2019; USEPA, 2021) and soil
(Environment and Climate Change Canada, 2017), and others have been suggested
(Bhavsar et al., 2016). However, due to high stability and resistance to degradation, these
compounds are challenging to remediate and continue to persist and accumulate in the
environment (Kissa, 2001). Therefore, there is significant interest in developing methods
to effectively treat PFAS (Mahinroosta and Senevirathna, 2020; Ross et al., 2018).
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2.4.3.1

PFAS at WWTPs

PFAS are becoming ubiquitous in the environment, including at WWTPs (Arvaniti
et al., 2014, 2012; Gómez-Canela et al., 2012; Moodie et al., 2021; Sindiku et al., 2013;
Sun et al., 2011; Venkatesan and Halden, 2013; Yan et al., 2012). Figure 2.5 shows PFAS
concentrations at different WWTPs across the world. It should be noted, however, that
since no standardized methods for PFAS extraction and quantification were used across
these studies, the values may not be completely accurate. Extraction methods are evolving
in efficiency and quantification methods are evolving to include lower concentrations and
a wider variety of compounds (Guo et al., 2008; Higgins et al., 2005; Hutchinson et al.,
2020; Zhang et al., 2010). Furthermore, the concentrations may not be fully representative
of the concentrations observed at the plants today since changes in regulations over time
will result in changes in compounds observed (Houtz et al., 2016). Sources of PFAS to
WWTPs include industrial discharge (Kunacheva et al., 2011; Washington et al., 2010),
landfill leachate (Gallen et al., 2016), and domestic sources (Pan et al., 2010). Since
conventional wastewater treatment methods are ineffective at treating PFAS, WWTPs tend
to be a sink for these compounds (Ahrens et al., 2009). Additionally, WWTPs are potential
sources of PFAS since they can be formed via precursor degradation under a variety of
treatment conditions (Houtz et al., 2018; Lakshminarasimman et al., 2021; Pan et al., 2010;
Sepulvado et al., 2011).
With increasing concerns regarding health and environmental impacts of PFAS,
there has been significant interest in studying the behaviour of PFAS at WWTPs (Lenka et
al., 2021). Due to the higher distribution coefficients (Kd) of longer chain PFAS (e.g.,
PFOS and PFOA), these compounds have a greater tendency to become concentrated in
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sewage sludge compared to shorter chain PFAS (Arvaniti et al., 2014; Clarke and Smith,
2011; Milinovic et al., 2016; Zhang et al., 2013). Therefore, sewage sludge management
needs to consider the fate of these compounds. Landfilling sewage sludge may result in
PFAS entering the environment via leachate (Ahrens et al., 2011; Gallen et al., 2016). A
common alternative to landfilling sewage sludge is direct land application as a soil
amendment. Land applied sludges can be a significant source of PFAS contamination to
the environment through surface runoff or infiltration (Johnson, 2022; Sepulvado et al.,
2011). PFAS from land applied sludges may also circulate in the environment via plant
uptake (Blaine et al., 2013; Ghisi et al., 2019).

Figure 2.5: Concentrations of perfluorochemicals (PFCs) at WWTPs around the
world (Gómez-Canela et al., 2012).
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2.4.3.2

Potential Treatment Methods for PFAS in Sewage Sludge

With increasing regulations, especially for PFOS and PFOA (USEPA, 2021), there
is significant interest in developing methods of removing and degrading PFAS from
sewage sludge. The use of thermal treatment methods to remove PFAS from sewage sludge
is relatively limited. Current thermal methods being explored include incineration (Wang
et al., 2013), pyrolysis (Kim et al., 2015; Kundu et al., 2021), and hydrothermal treatments
(Yu et al., 2020a; Zhang and Liang, 2021).
Incineration of dried sludge amended with hydrated lime (Ca(OH)2) has been
shown to effectively mineralize >70% of fluorine at treatment temperatures >600°C (Wang
et al., 2013). While demonstrating a highly effective method of treating PFAS
contaminated sludge, the long residence times (up to 15 minutes), and the high
sludge/Ca(OH)2 ratio required (0.7 g/0.3 g) may make scaling this treatment method
challenging and expensive. However, the effectiveness of the process should be noted, and
this study provides valuable information that can help advance treatment technologies, but
more work is needed. While incineration may be an effective method of destroying
contaminants present in sewage sludge (Ross et al., 2018), it is also an energy intensive
and expensive process (Werther and Ogada, 1999). Therefore, alternative treatment
methods are being explored.
Pyrolysis has shown mixed results in its ability to remove PFAS from sewage
sludge. Kim et al., (2015) was the first study assessing the use of pyrolysis to treat PFAS
in sewage sludge. Pyrolysis of virgin sewage sludge (i.e., no PFAS spiking or drying) was
shown to have little influence on the PFOA or PFOS content, irrespective of the
temperature (300°C or 700°C treatments). In comparison, another study showed effective
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removal (>90%) of PFOS and PFOA using pyrolysis at 500°C, including no detection in
the biochar or water scrubber (Kundu et al., 2021).
Hydrothermal treatments have also shown mixed results for PFAS treatment. One
study reported reductions of 35 – 45% PFOS and ~100% PFOA from sludge at
temperatures between 260 – 350°C (Yu et al., 2020b). It should be noted, however, that
emissions/gaseous by-products were not measured during this study. Therefore, the
degradation of the PFAS assessed in this study cannot be fully understood since the
concentrations and types of compounds leaving the system with the emissions is unknown.
Another study on hydrothermal treatment of sewage sludge showed that reductions in
perfluoroalkyl acids (PFAAs) were often coupled with increases in PFAA precursors
(Zhang and Liang, 2021).
Other methods that have been explored and found to be ineffective at removing
PFAS from sewage sludge include ultrasound (Zhang et al., 2022), and acid-microwave
assisted persulfate digestion (Hamid and Li, 2018). Long ultrasonic treatment of sewage
sludge was shown to release PFAS, rather than degrade it (Zhang et al., 2022). While
slightly more effective than ultrasound, microwave-assisted persulfate oxidation of sewage
sludge was only able to remove ~42% of PFOA following 4 hours of treatment at 70°C
(Hamid and Li, 2018), making it infeasible at larger scales.

2.4.3.3

Smouldering for PFAS Treatment

In 2020, smouldering combustion was shown to be an effective method of treating
PFAS contaminated soils (Duchesne et al., 2020). To achieve thermal destruction of PFAS,
GAC was added to the soil as a supplemental fuel (Duchesne et al., 2020). Adding greater
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than 35 g GAC/kg soil resulted in treatment temperatures >900°C which have been shown
to support PFAS degradation (Duchesne et al., 2020; Mahinroosta and Senevirathna, 2020).
Smouldering sewage sludge generates temperatures between 400 – 550°C
(Rashwan et al., 2021a, 2016). At these relatively low treatment temperatures, PFAS
present in the sewage sludge would likely volatilize rather than degrade (Crownover et al.,
2019; Winchell et al., 2021). Therefore, to achieve thermal degradation of PFAS in sewage
sludge via smouldering, a supplemental fuel, e.g., GAC would need to be added.
Alternatively, when a calcium amendment is added to the fuel, 50 – 70%
transformation of PFAS to solid CaF2 in the bottom ash is possible at incineration
temperatures as low as 400°C (F. Wang et al., 2015; Wang et al., 2013). The presence of
calcium to mineralize fluorine from PFAS has been shown to prevent the release of short
and longer-chained PFAS (>3C) (Wang et al., 2013) and reduces the production of
secondary fluorinated compounds (Riedel et al., 2021). In particular, the use of Ca(OH)2
as a calcium amendment has been shown to more effectively mineralize fluorine at lower
temperatures and in the presence of water (F. Wang et al., 2015). This presents a unique
opportunity for using smouldering to treat PFAS in sewage sludge which has not previously
been explored.
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2.5 Summary of Key Findings
Smouldering sewage sludge has been explored in the context of process
optimization (Rashwan et al., 2016), scaling (Feng et al., 2021; Rashwan et al., 2021a), and
landfilling potential (Feng et al., 2020). However, the by-products of the smouldering
treatment of wastes such as sewage sludge have not been well studied. Understanding the
fate of key elements and compounds as well as potential by-product formation from
smouldering combustion of sewage sludge will help to maximize value recovery and
minimize risks associated with this process and subsequent uses of the treated material.
Recovery potential from incinerated sewage sludge ash has been well studied,
especially recently, due to shifts towards more circular economies. Numerous extraction
methods have been developed and optimized for incinerator ash. While reviews of
smouldering have expressed the significant potential for exploring value-added products
from the process, the recovery opportunities from smouldered sewage sludge, in particular,
of phosphorus are largely unknown.
As an alternative to direct recovery, land application of sewage sludge and ashes
following thermal treatment have been widely utilized to recycle nutrients. While treatment
is important for making sewage sludge safe for land application, the elevated temperatures
associated with incineration and pyrolysis have been shown to decrease the bioavailability
of phosphorus. With relatively lower peak temperatures, smouldering sewage sludge may
avoid this problem.
To evaluate phosphorus bioavailability, fractionation methods are commonly used.
Despite fractionation methods being extensively used in research to quantify phosphorus
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bioavailability, numerous studies also identified inconsistencies and other problems with
fractionation procedures. Moreover, there is significant discrepancy among literature
drawing correlations between chemical extractants and plant availability. An alternative
method that is promising for assessing the suitability of a fertilizer source and developing
application guidelines is the USEPA Leaching Environmental Assessment Framework
(LEAF). This study will be the first to assess the suitability of LEAF for analyzing the
leaching behaviour of both phosphorus and other constituents from smouldered sewage
sludge ash.
The high quantities of PTEs and other emerging contaminants within sewage sludge
have necessitated the use of thermal treatment methods for managing this waste. The byproducts from common thermal treatment methods (especially incineration) have been
extensively studied to mitigate any associated risks. The same is not well-known for
smouldering sewage sludge. One such hazard is PCDD/Fs which have been shown to form
during incineration processes and during biomass smouldering (i.e., during forest fires).
Although these PCDD/Fs risks from sewage sludge incineration are well-characterized,
they are not well-understood from smouldering systems. Research has shown that there are
significant differences between smouldering systems and incinerators. Since these
differences are expected to govern the behaviour of PCDD/F formation and/or release, it is
challenging to extrapolate findings across these systems. Therefore, there is a strong need
for direct experiments to evaluate the PCDD/Fs formed and/or released from smouldering
sewage sludge. Another emerging contaminant in sewage sludge is PFAS. PFAS is
ubiquitous in the environment and at WWTPs where longer chain compounds are
concentrated in the sewage sludge. Due to significant health and environmental hazards
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associated with these compounds, there is a need for developing methods of treating PFAS
in sewage sludge. The use of thermal treatment methods to remove PFAS from sewage
sludge is relatively limited and show variable results. While current treatment studies
demonstrate the limited understanding and complexities of treating PFAS in sewage
sludge, they also provide valuable information that can help advance treatment
technologies. Overall, more work is needed in this area. Previously demonstrated to
effectively treat PFAS contaminated soil, smouldering has potential as an alternative
thermal treatment method for PFAS in sewage sludge. Therefore, this study will explore –
for the first time – how PFAS originally present in sewage sludge behaves during
smouldering treatment. Understanding the formation and/or release of hazardous byproducts during the smouldering treatment of sewage sludge is important to provide insight
into potential emissions treatment required to meet air quality regulations, and additional
processing needed ahead of land application.
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Chapter 3

3

USEPA LEAF methods for characterizing phosphorus
and potentially toxic elements in raw and thermally
treated sewage sludge

3.1 Introduction
Land application of solids, such as manure, inorganic fertilizers, and wastewater
treatment plant (WWTPs) sludge, are valuable sources of phosphorus and other nutrients.
However, accumulation of phosphorus within soils can increase leaching (Maguire and
Sims, 2002) as previously studied with applied manures (Abdala et al., 2015; Jalali and
Ostovarzadeh, 2009) and inorganic fertilizers (Maguire and Sims, 2002; Turner and
Haygarth, 2000). Released phosphorus is transported through the subsurface or via runoff
to surface waters (Johnston and Steen, 2002); contributing to eventual eutrophication
(Gerdes and Kunst, 1998). Determining the biologically available (i.e., bioavailable)
phosphorus in land applied solids is important for developing application guidelines,
maximizing beneficial use, and establishing regulatory compliance.
Numerous methods have been developed to quantify phosphorus, especially
bioavailable phosphorus, in a wide range of solids. Most literature and analytical methods
focus on soils and the Hedley sequential fractionation method (Hedley et al., 1982)
dominates the field (Chen and Ma, 2001; Condron et al., 1990; Cross and Schlesinger,
1995). Hedley uses progressively stronger chemical extractants to recover increasingly
recalcitrant forms of phosphorus (Linquist et al., 1997), inferring potential sources and
sinks of phosphorus based on phosphorus quantity within various fractions. Bioavailable
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phosphorus is typically divided into several “pools” ranging from highly available to
unavailable (Pansu and Gautheyrou, 2007).
Hedley forms the basis for many related sequential fractionation methods (Huang
et al., 2008; Iyamuremye et al., 1996; Tiessen and Moir, 1993; Zhang and Kovar, 2009).
Common modifications to the Hedley method include (i) an initial deionized water step
prior to anion exchange resin (Huang et al., 2008), (ii) excluding quantification of
microbial phosphorus (Iyamuremye et al., 1996), (iii) eliminating sonication during the
extraction of moderately-bound phosphorus (Tiessen and Moir, 1993), and (iv) using
heated digestion to quantify residual (unavailable) phosphorus (Zhang and Kovar, 2009).
Sequential phosphorus fractionation methods vary significantly in the type of chemical
extractant and molarity used to quantify each pool (a summary of published methods can
be found in Chapter 2). Since phosphorus dissolution is highly pH dependent (Bolan and
Hedley, 1990), extraction methods are likely to yield different results for available
phosphorus depending on chosen extractants and procedure order (Neyroud and Lischer,
2003; Soinne, 2009). Furthermore, strong extractants can change the chemical structure of
phosphorus species (Cade-Menun and Preston, 1996; Gikonyo et al., 2011; Guggenberger
et al., 1996; Hartikainen and Yli-Halla, 1996).

As a consequence, conclusions on

phosphorus availability from studies using fractionation methods are inconsistent
(Hartmann et al., 2019; Neyroud and Lischer, 2003) and sometimes contradictory (Johnson
et al., 2003).
Studies assessing phosphorus availability in other solids including animal manure
and sewage sludge have used modified versions of Hedley and soil phosphorus test
procedures (González Medeiros et al., 2005; Huang et al., 2008; Qian and Jiang, 2014;
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Self-Davis and Moore Jr, 2000; Xu et al., 2012b). Only a few studies have attempted to
fractionate phosphorus in sewage sludge (Han et al., 2019; Huang et al., 2008; Qian and
Jiang, 2014; Xu et al., 2012a). Such evaluations are anticipated to suffer from the same
problems identified for sequential fractionation of phosphorus in soils.
Following decades of development, the USEPA released the Leaching
Environmental Assessment Framework (LEAF) in 2010. LEAF is a characterization-based
leaching framework combining experimental data on relevant intrinsic leaching behaviour
with scenario-specific information for environmental assessments (Kosson et al., 2017).
USEPA Method 1313 from LEAF consists of a series of parallel batch experiments to
produce a liquid-solid partitioning curve of the material of interest as a function of pH
(USEPA, 2012a). The complementary USEPA Method 1314 involves a column
percolation experiment to obtain eluate concentrations and/or cumulative release as a
function of the liquid-to-solids ratio (USEPA, 2012b). LEAF has been used to assess
leaching behaviour of potentially toxic elements (PTEs) from coal fly ash (e.g.,
(Garrabrants et al., 2014; Tiwari et al., 2015)); municipal solid waste (MSW) incinerator
ash (e.g., (Zhang et al., 2016)); concrete waste (Kosson et al., 2014); and sewage sludge
compost (Fang et al., 2016). Using LEAF to assess phosphorus is less common and has
been used for inorganic phosphorus from mining waste (L. Jiang et al., 2016; L. G. Jiang
et al., 2016). The methodology seems promising to evaluate bioavailable phosphorus for a
wide range of organic/inorganic matrices.
The aim of this research was to evaluate analytical procedures for assessing
bioavailable phosphorus from sewage sludge before and after thermal treatment. The two
procedures chosen for comparison were the widely used Hedley fractionation method and
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USEPA LEAF. This study demonstrates that the LEAF provides a more consistent method
for analyzing phosphorus bioavailability in sludges and suggests that it may be more widely
applicable to soils and other solids under consideration for land application. This study also
illustrates how the LEAF methods provide valuable quantification of PTEs that may be
present in these materials with no further analytical steps required.

3.2 Materials and Methods
The sludge utilized in this study was collected from Greenway Wastewater
Treatment Plant (Greenway), London, Ontario, Canada. At Greenway, sludge is produced
as a by-product of primary and secondary treatment. Primary clarification removes
settleable solids (i.e., primary sludge). Following aerobic digestion and thickening,
secondary clarification settles out waste activated sludge via dissolved air flotation units
and rotating drums. Centrifugation with polymer addition is used to dewater a combined
slurry of primary and waste activated sludge to produce a cake sludge. All sludge was
collected as cake sludge in a single batch on July 26th, 2018, to minimize compositional
variability.

3.2.1

Sample Preparation and Storage
Sludge was oven-dried to prevent decomposition and moulding. Prior to subsequent

analyses, the oven-dried sludge was pulverized into a homogenous powder using an
immersion blender and mortar and pestle. Batches of ~100 g of dried sludge were placed
in large crucibles and heated in a muffle furnace at 950°C for 2 hours to produce incinerated
sewage sludge ash (herein referred to as ‘incinerated ash’). The ash appeared to be a
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relatively homogenous powder; no further grinding was done. All materials were stored in
sealed 20 L pails at 5°C prior to use.

3.2.2

Preliminary Analysis
Moisture content, volatile matter, ash content, and fixed carbon of the sludge were

determined following EPA Method 1684 (Telliard, 2001), with three replicates analyzed
for each. The sludge had an average moisture content of 73 ± 0.2%, volatile matter content
of 18 ± 0.3%, ash content of 7 ± 0.1%, and fixed carbon content of 2 ± 0.4%, all on a wetmass basis. Laboratory incineration at 950°C resulted in mass loss of ~93%.
Pseudo-total elemental concentrations (herein referred to as total concentrations)
were determined for aluminum, cadmium, cobalt, chromium, copper, iron, manganese,
molybdenum, nickel, phosphorus, lead, and zinc within sludge and ash. Elements were
extracted from the solid phase through microwave assisted acid digestion following
USEPA Method 3051A (Element, 2007). Acid digestions were performed in triplicate.

3.2.3

Hedley Method
In the Hedley method, inorganic and organic phosphorus fractions are extracted

using progressively stronger chemical reagents. Figure 3.1a illustrates the series of 6
extracts (H1 – H6). In each extraction, 1 g dried sample was added to a 250 mL
polyethylene bottle. An anion exchange resin bag (Dowex™ resin, Sigma-Aldrich Canada
Co., within 41 µm nylon mesh, Fisher Scientific Co Ltd.) and 30 mL deionized water were
added and shaken at 170 RPM on a rotary shaker for 16 hours. Phosphorus was removed
from the resin with 20 mL 0.5 M hydrochloric acid (HCl) (H1). The supernatant was
decanted and disposed of followed by the addition of 30 mL 0.5 M sodium bicarbonate
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(NaHCO3). The bottle was shaken for 16 hours, then the supernatant was collected (H2).
This process was repeated, adding 30 mL 0.1 M sodium hydroxide (NaOH) (H3), 20 mL
0.1 M NaOH with 2 min sonication (H4), and 30 mL 1 M HCl (H5). Following the resin
extraction procedure, a repeat sample was used to determine the microbial biomass
phosphorus by spiking the solid material with 1 mL concentrated chloroform (CHCl3),
leaving the sample to fumigate for 16 hours, then extracting the phosphorus with 30 mL
0.5 M NaHCO3. The microbial biomass phosphorus is calculated as the difference between
the total labile phosphorus extracted with only NaHCO3 and pretreated with CHCl3 (Hedley
and Stewart, 1982). The residual phosphorus is determined by digesting (H5) in 10 M
sulfuric acid (H2SO4) (H6). Importantly, pH is not dictated in this method. Instead,
following each procedure step, eluate samples were analyzed for pH and conductivity using
a Fisher Scientific accumet™ AB200 pH/mV/Conductivity meter (Waltham, MA, USA),
then preserved for further analysis of inorganic and total phosphorus. Concentrations of
organic phosphorus were calculated as the difference between total and inorganic
phosphorus in each extract. All extractions were performed in triplicate with results
presented as averages including standard error.
Each extract is associated with a phosphorus pool and mechanism of phosphorus
binding to solid surfaces, as illustrated in Figure 3.1a. Whether each of the chemical
extractants can accurately dissociate the target phosphorus compounds from the solids is
not fully understood, and it is likely that each pool contains a combination of compounds
(Turner et al., 2005).
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3.2.4

USEPA LEAF Methods 1313 and 1314
USEPA LEAF Method 1313 consists of 9 parallel batch extractions (Figure 3.1b)

to produce a liquid-solid partitioning curve of the material of interest over eluate pH range
2 ≤pH≤ 13. For each extraction, 10 g of material was combined with 100 mL of extraction
solution consisting of deionized water with either 2 N nitric acid (HNO3) or 1 N potassium
hydroxide (KOH) to achieve 9 target pH values ± 0.5 for each (Figure 3.1b). The liquidto-solids ratio was 10 mL/g-dry. Quantities of HNO3 or KOH were determined after
measuring the native pH of the material using deionized water. Mixtures were prepared in
125 mL HDPE bottles, sealed, and shaken end-over-end at 170 RPM for 24 hours.
Following shaking, bottles were centrifuged. pH was measured to confirm the final solution
remained within target ranges; electrical conductivity was also measured. Eluate samples
were filtered, preserved, and analyzed for total and inorganic phosphorus. Additionally,
cadmium, cobalt, chromium, copper, molybdenum, nickel, lead, and zinc were analyzed
because they are typically monitored and/or regulated at WWTPs.
USEPA LEAF Method 1314 uses a percolation column experiment to evaluate
constituent release from the material of interest as a function of the liquid-to-solid ratio
(L/S). The L/S is computed as the quantity of solution (mL) passed through the fixed
quantity of solid material (g) within the column. A glass column (DWK Life Sciences,
KIMBLE®) of 5 cm outer diameter and 30 cm height was used for each test. A 5 cm layer
of acid-washed, air-dried sand (Number 12, Bell & Mackenzie) was packed into the base
of the column. Dried material (sludge or incinerated ash) was added to the column in
successive layers (~60 g), tamping each using a glass rod, until 300 g of sample was added.
A second 5 cm layer of acid-washed sand was added to the top of the material pack to
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minimize material loss from the column. Deionized water (neutral pH) was pumped using
a Masterflex® L/S® digital peristaltic pump (Cole-Parmer Instrument Company, IL, USA)
upwards at a L/S of 1.0 mL/g/day until breakthrough occurred. The pump was stopped,
letting the saturated column rest for 24 hours. After resting, water flow was reintroduced
and maintained at rate of 0.75 ± 0.5 mL/g/day to collect the nine eluate samples (T01-T09)
at specified L/S of 0.2, 0.5, 1.0 ± 0.1, and 1.5, 2.0, 4.5, 5.0, 9.5, and 10.0 ± 0.2 mL/g-dry
matter. The pH and electrical conductivity of each eluate sample were measured within an
hour of collection. Eluate samples were filtered through 0.45 µm filters (Whatman 0.45
µm celluacetate filters, VWR International) via a vacuum pump. Filtered samples were
preserved with concentrated HNO3 and analyzed for total and inorganic phosphorus as well
as cadmium, cobalt, chromium, copper, molybdenum, nickel, lead, and zinc.

3.2.5

Analytical Methods
Total elemental concentrations in the microwave extracts, Hedley method extracts,

and LEAF Method 1313 and 1314 samples, were analyzed using an Agilent 720 Inductive
Coupled Plasma Optical Emission Spectrometer (ICP-OES) following USEPA Method
6010D (Element Symbol CAS Number, 2007).
Total phosphorus in the Hedley method extracts and USEPA method 1313 and
1314 samples was measured using ICP-OES to avoid interferences that affect colorimetric
analysis (Ivanov et al., 2012). Inorganic phosphorus was measured as dissolved
orthophosphate (PO43-) by High-Performance Liquid Chromatography (HPLC) using
direct injection by a Water® 515 pump following USEPA Method 300 (John D Pfaff,
1993).
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All extracts were run at dilution factors of 1:1 – 1:100 (1:10 – 1:100 for digested
samples) on both ICP-OES and HPLC to ensure all elements were within detection ranges
for every sample. Triplicates, method blanks, and spiked extracts were also run on both
ICP-OES and HPLC to ensure quality assurance and quality control.
Due to differences in the sludge versus post-treatment incinerated ash, all results
were normalized in terms of the starting material: mass of element per mass of initial dry
sludge (mg/kg–DS). Results in terms of dry matter (i.e., mg/kg–dm) can be found in
Appendix A.3.
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Figure 3.1: procedural schematics for a. the Hedley et al. (1982) fractionation
procedure and b. USEPA Method 1313 parallel batch extraction. The 6 steps of the
Hedley procedure (H1-H6) are outlined in a., including the chemical extractant and
molarity used for to quantify each phosphorus pool. The phosphorus pools are
assumed to decrease in plant availability from step (H1) being immediately available
to step (H6) being unavailable. H1 is associated with readily soluble inorganic
phosphorus (Zhang and Kovar, 2009). H2 is correlated to labile inorganic
phosphorus from P-esters bound to surfaces of aluminum and iron (Cross and
Schlesinger, 1995). H3 and H4 are moderately-labile phosphorus pools assumed to
contain phosphorus chemisorbed to amorphous and some crystalline aluminum and
iron oxides/hydroxides (Tiessen and Moir, 1993). H5 is assumed to be non-labile
phosphorus bound to calcium-species (Cross and Schlesinger, 1995). The pH ranges
corresponding to Hedley method pools and USEPA Method 1313 samples are
provided in c. and compared to typical environmental pH conditions.
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3.3 Results and Discussion
3.3.1

Phosphorus Analysis

3.3.1.1

Hedley Method

Figure 3.2 presents Hedley method results for sludge and incinerated ash. In the
immediately soluble phosphorus pool (H1), 1100 mg/kg – dry sludge (i.e., mg/kg–DS) was
extracted from both sludge and incinerated ash, comprising 2 and 5% of total phosphorus,
respectively. Majority was from unavailable pools (H3 – H6): 57% and 79% for sludge
and incinerated ash, respectively. The fraction of total phosphorus released from non-labile
(H5) and residual (H6) pools increases from 32% in sludge to 62% in incinerated ash.
Thermal treatment seems to have transformed a fraction of phosphorus to less available
forms.
Hedley assumes organic phosphorus is the difference between total and inorganic
phosphorus. The sludge seems to have larger proportions of organic phosphorus compared
to the incinerated ash. Phosphorus in the sludge extracted by Hedley consists of 32%
organic phosphorus distributed as 54% labile (H2), 16% loosely bound (H3), 10%
moderately bound (H4), and 85% non-labile (H5). In contrast, only 10% of phosphorus in
the incinerated ash is present as organic, distributed as 14% labile (H2), <1% loosely bound
(H3), 10% moderately bound (H4), and <1% non-labile (H5). This reduction in organic
phosphorus during thermal treatment is also evident when comparing microbial
phosphorus: ~310 mg/kg–DS of microbial phosphorus for sludge versus negligible for
incinerated ash. This is due to the destruction of any microbial biomass present in the
sludge which would cause subsequent release of any microbially-bound phosphorus.
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Phosphorus recovered from all steps of Hedley accounted for only 60% of total
phosphorus extracted by microwave digestion from sludge and 80% from incinerated ash
(Figure 3.2). This is consistent with unextracted phosphorus of 20-70% in other studies
(Lehmann and Kleber, 2015; Tiessen and Moir, 1993). Hedley was developed for use in
soils that have significantly less organic matter than sludges. In sludges, the optimal
application of Hedley may be to compare the relative changes to functional phosphorus
pools between samples.

Figure 3.2: Results from the Hedley method on sludge and incinerated ash presented
in orange and gray, respectively. The different P-pools are shown on the x-axis and
labelled with numbers corresponding to the respective extraction steps shown in the
Hedley procedural schematic (Figure 3.1a.). The full bar represents the total-P in
that fraction. The bars are subdivided into inorganic- and organic-P which are shown
with diagonal stripes and dots, respectively. The P concentration is given in mg of P
per kg of dry sludge. The cumulative percentage of P extracted by the Hedley method
compared to the total-P for the sludge and incinerated ash are plotted as lines on the
secondary axis.
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3.3.1.2

USEPA Method 1313

USEPA Method 1313 was used to quantify pH-dependent phosphorus availability
(Figure 3.3). Sludge is slightly acidic while incinerated ash is slightly alkaline with native
pH of 5.8 and 8.0, respectively. At native pHs, phosphorus availabilities were at a minimum
from both sludge and incinerated ash; increasing significantly under strongly acidic and
alkaline conditions.
At pH < 7, phosphorus availability was greater in incinerated ash than sludge,
whereas at pH > 7, the opposite was true. Under acidic conditions (pH < 6), the
concentration of total available phosphorus in incinerated ash increased from 370 to 3800
mg/kg–DS and from 150 to 1300 mg/kg–DS in sludge under the same conditions. Organic
phosphorus accounts for an important fraction of available phosphorus in both materials in
these conditions: 15 – 80% in sludge and 17 – 83% in incinerated ash. Most of the available
organic phosphorus in incinerated ash becomes available at pH = 4, whereas, in sludge,
available organic phosphorus varies more with pH. This difference likely reflects the
absence of organic matter in incinerated ash.
Above pH 7, the concentration of available phosphorus in sludge increases almost
linearly with increasing pH. In slightly alkaline conditions (7.5 ≤ pH ≤ 9.5), available
phosphorus from incinerated ash was 0.4% of available phosphorus from sludge. As
alkalinity increased (pH > 9.5), available phosphorus increased linearly in both sludge and
incinerated ash. Available phosphorus in incinerated ash remained 20 – 40% of that
available in sludge (3100 – 17,000 mg/kg–DS and 650 – 6400 mg/kg–DS in sludge and
incinerated ash, respectively). Organic phosphorus accounts for a significantly larger
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fraction of available phosphorus in sludge than incinerated ash in alkaline conditions: 29 –
68% versus 0 – 61%.
In summary, sludge shows generally higher concentrations of immediately
available phosphorus across environmentally relevant pH conditions (3.5 < pH < 8.5) while
incinerated ash contains higher available phosphorus under increasingly acidic conditions
(pH  4). Thermal treatment of sludge is likely transforming a portion of immediately
available phosphorus at native pH into more recalcitrant forms (Qian and Jiang, 2014).
This transformation may have important benefits since, after land application, immediately
available phosphorus may be flushed rapidly from the system causing eutrophication of
nearby surface waters. Conducting dynamic leaching tests (Method 1314) allows this
potential impact to be directly studied.
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Figure 3.3: Comparison of the available-P as a function of pH for a. sludge and b.
incinerated ash using the results of the EPA leaching method 1313 and the Hedley
fractionation procedure. Method 1313 results are plotted along the curves while the
Hedley results are plotted as discrete points using square markers. The extraction
steps corresponding to each of the points are labelled as 1-6 (see Figure 3.1 for the full
procedure). Total phosphorus is presented as the dotted line. The native pH of each
material is outlined in a box.
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3.3.1.3

USEPA Method 1314

USEPA Method 1314 dynamic leaching tests evaluate constituent release from
materials as a function of increasing L/S ratio. The highest concentration of phosphorus is
released immediately from both sludge and incinerated ash (Figure 3.4); however,
important differences were observed between their release profiles.
In sludge, an initial slug of 9.5 mg/kg–DS of phosphorus was released (L/S = 0.2)
followed by diminishing rates. Phosphorus rapidly becomes availability – limited as
minimal release occurs with additional percolation (0.5  L/S  10), leading to a cumulative
release of 19.7 mg/kg–DS. Of the total eluted phosphorus, 48% is released immediately.
This behaviour is consistent with applications of sludge to soil where a rapid initial release
of phosphorus, which can be linked to eutrophication (Johnston and Steen, 2002).
In incinerated ash, the initial slug of phosphorus leached was smaller - 92% less
than in sludge - and released more slowly (0.8 mg/kg–DS over 0.2  L/S  2.0). Organic
phosphorus accounted for 37% of this initial slug as compared to 95% of the initial slug in
sludge. Total and inorganic phosphorus then exhibited a continued slow release for the
remainder of the incinerated ash experiment (2.0  L/S  10), exhibiting solubility-limited
behaviour. Importantly, approximately 81% of total eluted phosphorus from incinerated
ash was in the inorganic form, compared to 52% from sludge.
Early washout of soluble ions did not have a substantial impact on eluate pH in
either material, although thermal treatment affected the initial pH (Figure 3.4). The
elevated temperatures of incineration are associated with processes such as denaturation of
organic acids and combustion of organic materials that have been observed to cause similar
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increases in soil pH (Ulery and Graham, 1993). Combustion of organic matter within
sludge resulted in about 50% of phosphorus being released through volatilization (see
Appendix A.1), illustrating an important mechanism for recovery during thermal treatment.
Most of what remained within the incinerated ash was likely transformed into more
crystalline forms (Thygesen et al., 2011). The net result was a decrease in immediate
phosphorus leaching, agreeing with the Method 1313 results at native pH.
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Figure 3.4: The USEPA method 1314 column percolation experiments for sludge (orange) and incinerated ash (grey). The
concentrations of released phosphorus are shown in mg of phosphorus per kg dry sludge. The darker solid lines and lighter
broken lines show total- and inorganic-P release, respectively. The pH changes over the column leaching experiment are plotted
as dotted lines on the secondary y-axis.
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3.3.2

Potentially Toxic Element Availability and Leaching
One of the barriers to land application of sludge, with or without further treatment,

is potential release of PTEs. LEAF Methods 1313 and 1314 provide additional data to
evaluate their potential release. Figure 3.5 shows Method 1313 plots of 8 elements of
concern identified in Ontario Regulation 338/09 (O. Reg. 338 CM1 NASM) from the
Nutrient Management Act (2002) (see Appendix A for PTE results from Method 1314).
All elements generally had higher availabilities from sludge compared to
incinerated ash. The exceptions typically occurred in limited circumstances not relevant
to conditions for land application (pH = 4). Cadmium, molybdenum, and lead all had
similar availabilities from sludge and incinerated ash under neutral to acidic conditions and
higher availabilities from sludge than incinerated ash under alkaline conditions. To
understand how availability translates to potential release behaviour upon potential land
application, results from Methods 1313 and 1314 must be viewed together.
Cumulative releases of all elements apart from molybdenum were higher from
sludge than incinerated ash, often significantly higher (Figures A.2-2 and A.2-3, Appendix
A.2). The lower release from the incinerated ash may partially be due to losses to emissions
during thermal treatment. Importantly, although lead had higher available concentration at
neutral pH (Figure 3.5), lead release from incinerated ash was small and 5% of lead
released from sludge (Figure A.2-2, Appendix A.2). Among the other 6 PTEs, similar
release trends were observed; cumulative releases from incinerated ash were <1-10% of
the cumulative releases from sludge, usually because of a relatively large initial slug
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released from the sludge. The thermal treatment process appears to affect the availability
and leaching of PTEs in the resulting material, similar to phosphorus.

Figure 3.5: pH-dependent leaching curves for 8 PTEs of concern from O. Reg. 338
CM1 NASM for both sludge and incinerated ash, following USEPA Method 1313.
Values have been normalized per kg dry sludge.
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3.3.3

Discussion: Comparing Hedley and LEAF Methods
LEAF methods are easier to execute than sequential fractionation procedures.

Hedley uses 6 different chemical extractants of varying molarities while Method 1313
requires only 2 and Method 1314 only 1 (deionized water). Method 1313 consists of 9
parallel batch extractions that are performed simultaneously, yielding independent results.
Although Method 1314 is technically also a series extraction from the percolation column,
compared to sequential fractionation the sample collection is simplistic. Sample quantity
may also influence results. Hedley indicates 1 g dried sample which may not fully represent
material characteristics. Method 1313 utilizes 10 g (or more) dried sample for each
extraction and Method 1314 uses at least 300 g dried sample in the column. Although likely
more characteristic, the larger sample sizes used in LEAF may also be a drawback
compared to Hedley if sample amount is limited.
Quantifying release of phosphorus from each material is important to evaluate what
plants may receive. Inconsistencies between Hedley and LEAF methods have important
implications. Hedley soluble (H1) and labile (H2) pools typically correspond to points
between T04 and T08 in Method 1313 (Figure 3.1c). In this work, soluble (H1) and labile
(H2) pools correspond to T07 (pH = 5.5) and T05 (pH = 8), respectively, in the sludge and
to T06 (pH = 7) and T04 (pH = 9), respectively, in the incinerated ash (Figure 3.1c).
Phosphorus released at native pH in Method 1313 is inconsistent with soluble (H1) pool
from Hedley, releasing ~6% and <1% from the sludge and incinerated ash, respectively
(Figure 3.3). Furthermore, in sludge, soluble (H1) pool exceeds available phosphorus
determined by Method 1313 at 3.5 < pH < 9.5 (i.e., samples T04 – T08) making it only
comparable at pH extremes, which is not relevant to land application. Similarly, in
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incinerated ash, soluble (H1) pool only matches the magnitude of available phosphorus
from Method 1313 determined in more extreme conditions (pH <5 or pH >11). Additional
discrepancies arise considering Method 1314 results. Cumulative inorganic phosphorus
released from Method 1314 was <1% of the quantity released in soluble (H1) pool for both
sludge and incinerated ash, even when differences in L/S ratios between methods were
considered. This lack of alignment is problematic. Readily soluble phosphorus is the
primary concern for receiving waters (Johnston and Steen, 2002). Overestimation of this
pool could result in insufficient phosphorus being applied to crops whereas
underestimation risks contributing to eutrophication. The discrepancy between the LEAF
and Hedley results for readily soluble phosphorus is probably caused by the Hedley’s use
of anion exchange resin, which likely extracts low-leachability phosphorus bound to solids
(Koopmans et al., 2007; Schoumans and Groenendijk, 2000).
Hedley is also inconsistent with Method 1313 for the labile (H2), loosely bound
(H3), and moderately bound (H4) phosphorus pools (Figure 3.3), whereas non-labile (H5)
and residual (H6) pools were in line with Method 1313 results; however, pH values in
Hedley are outside the range of Method 1313 (Figure 3.1c). For sludge, the quantities of
labile (H2) and loosely bound (H3) phosphorus are consistently lower than available
phosphorus from corresponding Method 1313 points, opposite to the case for readily
soluble (H1) phosphorus (Figure 3.3). The resin used in soluble (H1) pool may have
extracted some phosphorus that would otherwise appear in these subsequent pools, as was
observed by (Soinne, 2009). For incinerated ash, an order of magnitude more phosphorus
is released in Hedley labile (H2) fraction than by Method 1313 at the same pH. The
phosphorus concentrated in incinerated ash following thermal treatment of sludge may
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have exceeded the capacity of the resin used in soluble (H1), enabling release into
subsequent pools. Consistent with sludge, phosphorus concentrations in Hedley loosely
bound (H3) and moderately bound (H4) pools in incinerated ash are lower than
corresponding points in Method 1313. The large portion of sorbed phosphorus removed
within labile (H2) pool may have caused only more strongly bound phosphorus to remain,
reducing the proportion of phosphorus extracted within the loosely bound (H3) pool. These
discrepancies demonstrate an important drawback to Hedley and other sequential
fractionation procedures: pools quantified in each extraction step influence pools
quantified in subsequent steps (Soinne, 2009; Turner et al., 2005). Incorporating
mineralogy into phosphorus analyses has the potential to improve our interpretation and
understanding of these results (Han et al., 2019; Qian and Jiang, 2014). Phosphorus
mineralogy of virgin sewage sludge is challenging (Smith et al., 2002) and research in this
area is limited. Minerals such as hydroxyapatite, brushite, monetite, and others have been
identified in sludges (Frossard et al., 1994; Smith et al., 2002). Mineral phases seem to
depend on source materials; wastewater treatment processes and operating conditions; and
subsequent sludge handling processes. For example, phosphorus mineral transformations
have been observed after low temperature drying processes (Smith et al., 2002). High
temperature treatment likely causes further transformations (Han et al., 2019; Qian and
Jiang, 2014). This work provides important groundwork for future research exploring
phosphorus mineralogy of sewage sludge and transformations brought about by thermal
treatment.
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3.4 Conclusions
Hedley and LEAF methods provide trends in available phosphorus that are
qualitatively consistent. In this study, both suggest that thermal treatment of the sludge
changes phosphorus minerals into forms that are more strongly bound to the solid surfaces.
Therefore, phosphorus is less likely to leach from the incinerated ash in the short term,
providing a more regulated source of gradual inorganic phosphorus with less potential
harm to downstream water bodies.
However, Hedley and LEAF methods provide quantitative differences and LEAF
is concluded to be superior for the following reasons. First, more incomplete phosphorus
extraction from sludge than incinerated ash using Hedley suggests that it may be less
appropriate for organic materials; this is consistent with previous studies and limits its
applicability. Second, Hedley phosphorus pools were mostly at extreme pH conditions
while LEAF (Method 1313) provided results across a range of controlled pH conditions
relevant to land application. Third, Hedley overpredicted readily available phosphorus and
underpredicted less soluble forms. Moreover, Hedley overpredicted the amount that would
rapidly leach as inferred by LEAF (Method 1313) and directly quantified in LEAF (Method
1314). LEAF avoids the problem of sequential fractionation procedures where pools
quantified in each extraction step influence pools quantified in subsequent steps. Fourth,
LEAF was found to be practically simpler to execute and, while requiring more sample,
the results may be more representative. Fifth, LEAF additionally provides analysis of
PTEs, which are valuable for decision-making. In this study, smaller initial releases, lower
availability in environmentally relevant conditions, and lower total contents in incinerated
ash are promising indicators that land application of incinerated ash would likely result in
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less PTE release to soil compared to land application of sludge. Although these elements
could be analyzed in the Hedley extracts, that method was not designed for such purposes.
This analysis shows the value of the USEPA LEAF Methods in understanding
phosphorus availability from materials such as sewage sludge before and after treatment.
Land application of a material will change soil pH, which influences phosphorus
availability and leaching of PTEs. LEAF was shown to provide valuable and superior
insights into the effects of fluctuations in pH, dynamic leaching, and availability of PTEs.
This information is essential for assessing material reuse and land application options. It is
expected that LEAF will be similarly beneficial, relative to sequential fractionation
methods (e.g., Hedley), when applied to soils and other relevant matrices.
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Chapter 4

4

Phosphorus Recovery and Reuse Potential from
Smouldered Sewage Sludge Ash

4.1 Introduction
Increases in the proportion of waste components being recycled and reused
compared to landfilled are evidence of societal shifts towards more sustainable practices.
Recent research and regulations have demonstrated growing interest in circular economies,
with significant focus on

making waste disposal processes more cyclic (Canadian

Municipal Water Consortium, 2015; Donatello and Cheeseman, 2013b; Fang et al., 2020;
Gorazda et al., 2017; Mayer et al., 2016; Mulchandani and Westerhoff, 2016). Resource
recovery, in particular, for nutrients and metals, not only relieves the depletion of essential
elements but can also have environmental and economic benefits for wastewater treatment
plants (WWTPs) (Neczaj and Grosser, 2018). Phosphorus is a key opportunity. Required
in large quantities to produce agricultural fertilizers (Mayer et al., 2016), global phosphate
reserves are expected to be depleted in the upcoming decades (Fang et al., 2020; Li et al.,
2016). Therefore, there is significant interest in exploring recovery methods to extract
phosphorus and other limited resources from human waste streams. Currently at WWTPs,
>90% of all phosphorus ends up concentrated in sewage sludge (Fang et al., 2020). For an
average Canadian WWTP servicing 200,000 people, approximately 1300 tonnes of
phosphorus is present in the sewage sludge annually (London, 2019a), making it an
important reservoir and promising source of phosphorus recovery.
However, recovery and reuse of phosphorus from sludge remains a challenge for
numerous reasons. For example, several concerns arise when considering the direct
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application of sewage sludge as a fertilizer. High water and organic matter content,
pathogens, and numerous compounds of concern in the sludge can require sludge
processing prior to such use (Donatello & Cheeseman, 2013; Hossain et al., 2011). Thermal
processes for managing sewage sludge are now common in the industry. For example,
incinerating allows for volume reduction and contaminant destruction (Adam et al., 2009).
However, the pre-drying required to facilitate sludge incineration makes the treatment
process energy intensive and expensive (Khiari et al., 2004; Werther and Ogada, 1999).
Another emerging thermal option is ‘STAR’ (Self-Sustaining Treatment for Active
Remediation). First shown to treat sewage sludge in 2016 (Rashwan et al., 2016), STAR is
now a fully commercial technology applied regularly to remediate soil contaminated with
hydrocarbons, tars, and emerging contaminants such as PFAS (Duchesne et al., 2020;
Scholes et al., 2015; Switzer et al., 2009). STAR utilizes smouldering combustion, a
flameless form of burning that occurs on the surface of a fuel within a porous media, for
example, glowing red charcoal in a barbecue (Rein, 2016). The smouldering process burns
the sludge, like an incinerator, but operates at lower temperatures, is more resistant to
quenching, and is more energy efficient (Rashwan et al., 2016; Torero et al., 2020). To
initiate smouldering, a heater provides short term, localized energy input to the system
(Yermán, 2016). Then the injection of air (oxygen) creates a ‘smouldering front’ that
propagates forward (in the direction of air flow) through the waste bed. This front involves
numerous zones (drying, pyrolysis, oxidation, and cooling) (Torero et al., 2020). A positive
local energy balance around the front, occurring when energy generation by fuel oxidation
exceeds energy lost to endothermic process and lateral heat losses (Zanoni et al., 2019),
allows the smouldering front to propagate with a steady velocity and in a ‘self-sustaining’
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manner (i.e., without additional, external energy input) (Switzer et al., 2009). This feature
means that smouldering treatment ranks highly for energy efficiency metrics and
sustainability rankings (Gerhard et al., 2020).
Smouldering can only occur within a porous fuel or fuels embedded in a porous
medium. The porous matrix (1) increases the surface area for reaction, (2) creates pathways
for oxygen to flow to the reaction, and (3) insulates the reaction thereby reducing heat
losses (Ohlemiller, 1985; Torero et al., 2020). Smouldering has been shown to effectively
treat high moisture content and low permeability fuels, including faeces (up to 75%
moisture content by mass) (Yermán et al., 2015) and biosolids (up to 80% moisture content
by mass) (Rashwan et al., 2016). For such fuels/wastes, silica sand is usually added to
create the porous medium (Rashwan et al., 2016; Yermán et al., 2015). This works well
but has the associated post-treatment challenges of (i) separating the sand from posttreatment ash (if elemental recovery is the goal), and (ii) potential large volumes of
typically clean and dry sand requiring management. A second option involves adding
granular biomass (e.g., woodchips, waste crushed carbon, nut shells) to sewage sludge prior
to thermal treatment to supplement low calorific values and improve treatment (Feng et al.,
2021; Gorazda et al., 2017; Kijo-Kleczkowska et al., 2016). The use of biomass for
smouldering treatment of sewage sludge is not well studied (Torero et al., 2020; Wyn et
al., 2020).
A recent study identified that smouldered sewage sludge ash is likely safe for
landfilling (Feng et al., 2020). However, landfilling ignores the recovery potential of
limited resources such as phosphorus (Donatello and Cheeseman, 2013a; Fang et al., 2020).
Moreover, recovering potential toxic elements (PTEs) – such as chromium and zinc – from
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sewage sludge ash has a twofold benefit of removing these PTEs from a pathway into the
environment and providing value-added recovery (Westerhoff et al., 2015), especially from
compounds present in high concentrations (Bosshard et al., 1996).
Leaching methods are often applied to extract metals from post-treatment waste
ashes, including bioleaching (Bosshard et al., 1996; Wu and Ting, 2006; Xu et al., 2014;
Yang et al., 2009), chemical leaching (Gorazda et al., 2017; Petzet et al., 2012; Stark et al.,
2006; Wu and Ting, 2006), and water-washing (Wang et al., 2001). Element extraction
from ashes is a crucial first step towards recovery since it dictates the quantity available
(Fang et al., 2020). Although several studies have assessed the recovery potential from
incinerated sewage sludge ash (Krüger and Adam, 2014; Petzet et al., 2012; Schaum et al.,
2007), it is novel to evaluate the recovery opportunities from smouldered sewage sludge
ash.
This paper examines opportunities for recovering phosphorus from smouldered
sewage sludge ash for potential reuse. This research seeks to explore the effects of bulking
with (1) sand and with (2) particulate organic wastes (such as woodchips, herein referred
to as ‘co-smouldering’). Total elemental contents of ashes from both systems were
determined and compared to Canadian land application guidelines to explore the suitability
of each for direct land application. A combination of pH-dependent leaching tests and
column percolation experiments, following USEPA Leaching Environmental Assessment
Framework (LEAF) Methods 1313 (USEPA, 2012a) and 1314 (USEPA, 2012b), were used
to explore the land application potential and extraction potential of the post-treatment
ashes. This work progresses smouldering towards a more sustainable and cyclic process
that produces beneficial by-products and helps preserve the environment. In addition, the
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practical considerations for reuse and recovery from the post-treatment materials support
further scaling the smouldering treatment to commercial applications.

4.2 Materials and Methods
4.2.1

Smouldering Experiments

4.2.1.1

Treatment System

The STAR reactor set-up and instrumentation followed established smouldering
research methods fully described elsewhere (Rashwan, 2020; Rashwan et al., 2021b).
Briefly, smouldering tests were performed in a cylindrical, stainless-steel reactor, with
outer dimensions of 1.0 m height and 0.6 m diameter (see Figure B.1-1, Appendix B.1 for
the full reactor set-up). The reactor was wrapped in 5.10 cm thick insulation (ASTM C518
R-Value = 9.6 at 24°C, FyreWrap® Elite® Blanket, Unifrax) to best represent field (low
heat loss) conditions. The reactor was on a load cell (KD1500, Mettler Toledo) to measure
moisture loss and the sludge destruction rate in real time. Thermocouples (Type K, 0.0064
m diameter Kelvin Technologies) installed along the full height of the reactor recorded
process temperatures. A continuous emissions monitoring system (CEMS, ABB Ltd.)
measured CH4, CO2, CO, and unburned hydrocarbons. The CEMS and mass balance data
were recorded every 5 and 2 seconds, respectively. All other instruments were connected
to a data logger (Multifunction Switch/Measure Unit 34980A, Agilent Technologies) and
personal computer that logged every 3 seconds.

4.2.1.2

Sludge Mixed with Sand (“Sludge/Sand”)

Sludge was collected from Greenway Wastewater Treatment Plant (Greenway),
London, Canada. The sludge had a volatile matter content of 61.0% (ASTM-D5832-98),
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ash content of 27.5% (ASTM-D2866-11), and fixed carbon content of 11.4% (calculated
as the difference), all on a dry-mass basis. An established method of sludge processing for
laboratory experiments was employed (Fournie et al., 2021; Rashwan et al., 2016) and is
briefly summarized below. Two experimental preparation methods have been used prior to
smouldering treatment, (1) batch drying the sewage sludge (Rashwan et al., 2016) and (2)
immediate use of unprocessed sewage sludge (Rashwan, 2020). The first was used for the
sludge/sand test and the second for the sludge/woodchips test. Both methods result in
statistically similar smouldering behaviour and performance (Rashwan, 2020) and is
therefore not expected to influence any results or conclusions.
For the sludge/sand test, the sludge was batch dried in an oven at 105°C, achieving
a moisture content of 3.81% (ASTM-D267-17). Coarse silica sand (1.180 ≤ mean grain
diameter ≤ 2.000 mm, porosity = 0.37, bulk density = 1670 kg/m3, Number 12, Bell &
Mackenzie) was mixed with processed sludge as is typical for industrial smouldering
treatments. For this experiment, 8.53 kg of sludge was mechanically mixed with 218 kg of
coarse silica sand to achieve a sand-to-sludge ratio of 25.5:1 on a dry-mass basis. If the
sludge had not been dried, the sand-to-sludge ratio would have been 6.5:1 on a wet-mass
basis which has been shown to result in self-sustaining smouldering (Rashwan et al.,
2021a) The mixture was prepared in small batches of ~22 kgs in a mechanical mixer before
being transferred to sealed 19 L buckets for storage prior to loading. This methodology
provided a homogeneous sludge sample that was stable over time.
On the experiment day, the sludge mixture was carefully added into the reactor in
a way that ensure homogeneity and limited material compaction (Appendix B.1). The
emptied buckets were reweighed to account for any material retained during packing. A
106

clean sand cap (3 – 6 cm thick) was added on top of the sludge pack as done in commercial
applications. Air was injected into the reactor base at a Darcy flux of 5.0 cm/s throughout
the test via a mass flux controller (8290B045PDB67 ASCO Numatics). An inline air heater
(F074736 36 kW SureHeat® MAX, Osram Sylvania), operated at 300 – 400°C from the
beginning of the test, provided convective ignition of smouldering as is done in the field
(Solinger et al., 2020). The experiment required ~61 min for ignition (~34 min to increase
the heater temperature and an additional ~27 min preheat). Smouldering of the sludge was
confirmed when the first thermocouple within the contaminant pack peaked at 480°C
(Figure B.1-2, Appendix B.1). Following ignition, the heater was turned off and ambient
air was injected into the reactor, supporting a self-sustaining smouldering reaction
propagating up the reactor. The reaction velocity was 0.38 cm/s ± 10% and the average
centreline peak temperature was 525°C ± 4%, which are representative of laboratory and
field applications (Torero et al., 2020; Wyn et al., 2020). The experiment was complete
and self-terminated once the smouldering front reached the end of the contaminant pack
(after 180 minutes). The emissions data aligned with what is typically observed during
smouldering (Wyn et al., 2020) and showed that smouldering was robust, and the fuel was
fully oxidized. These results were confirmed upon excavation.
The post-treatment bed consisted of coarse silica sand (conserved during treatment)
and sewage sludge ash. Dry sieving separated them, with sand grains quantified as >0.250
mm (#60 ASTM sieve) and ash quantified as the finer inert mass. The sand summed to
26.5 kg while ash comprised 0.56 kg (97.9% and 2.1% of post-treatment materials,
respectively).
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4.2.1.3

Sludge Mixed with Woodchips (“Co-Smouldering”)

The woodchips utilized in the co-smouldering tests were obtained from
construction waste material (BRQ Fibre et Broyure Inc., Trois Rivieres, QC) (Cuthbertson,
2018; Rashwan et al., 2021b). Proximate analysis determined that woodchips had a
moisture content of 10.9% (ASTM-D267-17), volatile matter content of 77.6% (ASTMD5832-98), ash content of 10.7% (ASTM-D2866-11), and fixed carbon content of 11.8%
(calculated as the difference), all on a dry-mass basis.
The moisture content of the virgin sewage sludge was 74.8%. For the smouldering
test, 40.8 kg of sewage sludge was mechanically mixed with 16.0 kg of woodchips and
12.1 kg of water to achieve a ratio of woodchips: extra water: sludge of 0.4: 0.3: 1. The
addition of water partially reconstituted the sludge to better understand the limits of the
fuel moisture content that would still promote self-sustaining smouldering. The ability to
smoulder higher moisture content fuels is important since it reduces the energy cost
associated with dewatering. Mixing procedures were performed in batches of 6 kg. Loading
the reactor followed the same process as other tests (Appendix B.1).
Ignition by convection was completed in 58 min (~39 min to increase the heater
temperature and an additional ~19 min preheat). The heating period caused moisture loss
via evaporation and boiling, only in the bottom ~2 cm of the 45 cm tall bed. As expected,
– and in contrast to the sludge/sand test – the front did not migrate up the column. Instead,
the self-sustained reaction slowly consumed the base of the pack – since it was nearly
entirely smoulderable – and the pack steadily shrunk downwards. The experiment was
complete after 280 minutes, when the fuels were completely consumed (Figure B.1-3,
Appendix B.1). The average centreline temperature was 812°C ± 4%. The post-treatment
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ash was 20% of the initial mass of the mixture (i.e., 13.5 kg), and was estimated to comprise
87% sludge ash and 13% woodchip ash. Since a single post-treatment ash was produced,
no sieving was required prior to analysis. The top sand cap was not used in this experiment.

4.2.2

Analytical Materials and Methods
The chemical composition of the solids and elemental concentrations in all extracts

were determined using an Agilent 720 Inductive Coupled Plasma Optical Emission
Spectrometer (ICP-OES) (Agilent Technologies). Analyses were conducted in accordance
with standard procedures, including quality control/quality assurance, outlined by USEPA
Method 6010D (Element Symbol CAS Number, 2007). Solids were analyzed after acid
extraction with a 3:1 ratio of concentrated nitric acid (HNO3) and hydrochloric acid (HCl),
assisted by microwave digestion (170 °C for 10 min in a CEM MARS 6® Microwave
Accelerated Reactor System, MFR) according to USEPA Method 3051A (Element, 2007).
Inorganic phosphorus was measured as dissolved orthophosphate (PO43-), the most
reactive form of inorganic phosphorus, which is readily soluble and therefore easily utilized
by plants (Johnston et al., 2014). High-Performance Liquid Chromatography (HPLC) was
used to quantify PO43- via direct injection using a Water® 515 pump following the standard
procedure outlined by USEPA Method 300 (J. D. Pfaff, 1993).
Elements analyzed by ICP-OES included phosphorus, aluminum, cadmium, cobalt,
chromium, copper, iron, magnesium, manganese, molybdenum, nickel, lead, and zinc, all
of which are regulated at WWTPs in Ontario, Canada. For reuse applications, cadmium,
cobalt, chromium, copper, molybdenum, nickel, lead, and zinc are also regulated under
Ontario Regulation 338/09 (O. Reg. 338) from the Nutrient Management Act (2002). O.
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Reg. 338 classifies sewage sludge as a category 3 non-agricultural source material (NASM)
and sets guideline values for reuse applications. CM1 is the most stringent set of NASM
guideline values in the O. Reg. 338 guideline.

4.2.3

pH-Dependent Leaching Tests (USEPA Method 1313)
This study conducted a series of batch extractions on 5 pre- and post-treatment

materials following USEPA Method 1313, measuring phosphorus and 12 other PTEs in
the extracts. USEPA Method 1313 consists of 9 parallel batch extractions to produce a
liquid-solid partitioning curve of the material of interest over eluate pH range 2 ≤ pH ≤ 13
± 0.5 (USEPA, 2012a). Briefly, for each extraction, 10 g of material was combined with
100 mL of extraction solution that consisted of deionized water with varied amounts of
either 2 N nitric acid (HNO3) or 1 N potassium hydroxide (KOH) to achieve the 9 specified
target pH values. All extractions took place over 24 hours to achieve equilibrium between
the solid and liquid phases. The pH and electrical conductivity of the supernatants were
measured, and eluate samples were filtered and preserved for further analysis.

4.2.4

Column Percolation Tests (USEPA Method 1314)
Percolation tests were also conducted on 3 materials to measure phosphorus and 12

other PTEs using the USEPA Method 1314. This method uses a percolation column
experiment to evaluate constituent release from the material of interest as a function of the
liquid-to-solid ratio (L/S) (USEPA, 2012b). A full description of the process has been
described elsewhere (Fournie et al., 2021). Briefly, 300 g of pulverized, air-dried sample
is packed into a 30 cm tall glass column. Deionized water was injected using a Masterflex®
L/S® digital peristaltic pump with flow moving upwards through the column. Prior to
continuous percolation, the column was rested for 24 hours in a fully saturated state. After
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the rest period, the flow rate of the water through the column was maintained at 0.75 ± 0.5
L/S per day to collect the nine eluate samples (T01-T09) at liquid-to-solid ratios of 0.2,
0.5, 1.0 ± 0.1, and 1.5, 2.0, 4.5, 5.0, 9.5, 10.0 ± 0.2 mL/g-dry matter. Each eluate sample
was analyzed for pH and conductivity using a Fisher Scientific Accumet® AB200
pH/mV/Conductivity meter within one hour of sample collection. Subsamples were filtered
and preserved with 1 N nitric acid for further analysis.

4.2.5

Extraction Potential
For this study, extraction potential was defined as the elemental concentration in

the extracted supernatant divided by the total elemental concentration within the solids.
Extractions were performed following the procedures outlined in section 2.3, under three
pH conditions: native, acidic (pH 2 ± 0.5), and alkaline (pH 13 ± 0.5). Water washing was
used for the extraction under native pH conditions, 2 N HNO3 for acid extraction, and 1 N
KOH for alkaline extraction. The total elemental contents for each material were
determined according to section 2.2. Extraction potentials, initially determined as
percentages, were converted to a mass of potentially extractable element per mass of
material (results presented in Table B.2-1, Appendix B.2). This was done using a mass
balance of the pre- and post-treatment materials. All extraction potential results were
normalized in terms of kg of virgin sludge to allow comparison between samples.
Subsequently, each element was identified as either solubility- or availability-limited by
plotting cumulative element release as a function of the liquid-to-solid ratio measured in
Method 1314 on a log-log scale (Kosson et al., 2017).
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Table 4.1: Material composition and experimental data
Experiment

Units

Sludge & Sand

Sludge & Woodchips

Sludge Mixture
3.81
3.22

Sludge Woodchips Mixture
74.8
10.9
65.4

Proximate Analysis
Moisture Content a
Volatile Matter b
Ash Content c
Fixed Carbon d

%
%
(dry basis)
%
(dry basis)
%
(dry basis)

61.0

-

62.7

77.6

-

27.5

26.6

28.8

10.7

20.0

11.4

-

8.53

11.8

-

Experimental Data
Sand: Sludge
Mixture
Ratio
Mass of
Materials
Added

Wet Basis
Dry Basis
Sludge
Sand
Woodchips
Water

(g/g)
(g/g)
kg
kg
kg
kg
cm/s

6.5: 1
25.5: 1
8.5
217.7
5.5

Woodchips: Extra Water e:
Sludge
0.4: 0.3: 1
39.4
16.0
12.1
2.5 – 5.0

Air Flux
Average Centreline
°C
525 f
812 f
Temperature
a
Determined according to ASTM-D267-17
b
Determined according to ASTM-D5832-98
c
Determined according to ASTM-D2866-11
d
Calculated as the difference
e
Water was added to the fuel mixture to reduce treatment temperatures
f
The thermocouple temperature results have an associated error of ± 4%
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4.3 Results and Discussion
4.3.1

Material Characterization
Smouldering resulted in the 75 ± 3% mass reduction of sludge (i.e., 25 ± 3% ash

content and the rest organic material that was oxidized). For the sludge/sand test, sand
comprised 85% of the pre-treatment mixture by mass (sludge was 15%) and the sand mass
was conserved during smouldering. The average temperature during 180 minutes of
smouldering was 525°C ± 4% (Figure B.1-2, Appendix B.1). The post-treatment mixture
comprised 98% sand and 2% ash. The phosphorus content initially present in the sludge
was 26,000 mg/kg-dry sludge, split 57/43 (± 5%) as organic/inorganic. Following
smouldering of the sludge/sand, 78% of phosphorus was retained by solids and the other
22% was potentially recoverable from process emissions. In the solids, 39% of phosphorus
was retained in ash, split 7/93 (± 11%) organic/inorganic, and 30% retained in sand, split
49/51 (± 6%) organic/inorganic. When smouldering sludge with sand, total phosphorus
was not conserved. Inorganic phosphorus seems to be conserved and potentially increased
by transformation of organic phosphorus.
For the co-smouldering test, the woodchips comprised 23% of the pre-treatment
mixture, sludge was 59%, and water was 18%. This test experienced higher energy
smouldering (due to increased fuel loading), with average peak temperatures of 812°C ±
4% (Figure B.1-3, Appendix B.1). The temperatures were more similar to temperatures
observed during sludge incineration. The post-treatment mixture (herein referred to as
‘mixed ash’) was 20% of the initial mass (i.e., 20% ash content). Initial phosphorus was
19,000 mg/kg-dry starting material in the co-smouldering test, diluted in comparison to the
test with sand because of much higher water content and addition of woodchips. After the
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higher energy combustion, 22% of phosphorus (split 32/68 ± 13% organic/inorganic) was
retained in mixed ash and 78% was recoverable from process emissions.
Concentrations of the 12 quantified PTEs are presented in Table 2. The PTE
concentrations are presented on a dry-mass basis for direct comparison to the O. Reg. 338
NASM CM1. All 12 PTEs were detected in all materials. However, PTE concentrations
within sand were very low, 1 – 4% of the concentration originally present in the sludge.
Concentrations in ash were often higher than those in virgin sludge (aluminum, cobalt,
chromium, copper, magnesium, manganese, molybdenum, nickel, lead, and zinc) on this
basis because smouldering reduced total mass by nearly 80%, which had a concentrating
effect on elements not released to emissions or retained by sand. With negligible PTE
content in the sand prior to smouldering, the observed PTE concentrations were likely
contributed by ash retention within the sand fraction during dry sieve separation and/or
condensation onto sand surfaces. However, because of its large mass in the system, sand
provided an important sink for some elements such as lead, nickel, and chromium (Table
B.2-2, Appendix B.2), reducing their total content in ash. The PTE concentrations in the
mixed ash were lower than the virgin sludge for 10 of the 12 elements (aluminum,
cadmium, cobalt, chromium, copper, iron, molybdenum, nickel, lead, and zinc) by 30 –
70%. The reduced PTE concentrations in the mixed ash were likely due to dilution by the
woodchips and release to emissions via the higher energy smouldering.
When considered on a dry-sludge basis, total elemental contents between the
materials are similar (Figure B.2-1, Appendix B.2). Essentially complete retention of
aluminum, cobalt, chromium, manganese, nickel, and lead by bottom ash (i.e., material
retained in the reactor) was observed with 100% retained in ash and sand (Table B.2-2,
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Appendix B.2). Less than complete retention was observed for cadmium (87%), copper
(67%), iron (60%), magnesium (74%), molybdenum (56%), phosphorus (69%), and zinc
(93%), suggesting availability for recovery via emissions. For the mixed ash, low retention
in the bottom ash is observed for all elements; aluminum (15%), cadmium (15%), cobalt
(28%), chromium (14%), copper (25%), iron (14%), magnesium (29%), manganese (27%),
molybdenum (11%), nickel (17%), phosphorus (22%), lead (6%), and zinc (22%) (Table
B.2-3, Appendix B.2). These elements are available for recovery via emissions capture,
which is commonly employed for incinerators (Cieślik and Konieczka, 2017). Lower
retention in mixed ash was likely the result of (1) increased volatilization due to the higher
energy smouldering (see Table 4.1), and (2) physical mobilization of elements in the
exhaust gas.
The O. Reg. 338 NASM CM1 (Government of Ontario, 2009) PTE thresholds for
land application are given in Table 4.2. Based on the guidelines, copper, molybdenum,
nickel, and zinc were exceeded in the sludge, ash, or both. Conversely, cadmium, cobalt,
chromium, and lead were not exceeded in any material. Only copper and molybdenum
were exceeded in the mixed ash. Sludge and ash exceeded the guideline values for copper,
molybdenum, zinc, and ash additionally exceeded for nickel. The current land application
guidelines under O. Reg. 338 specify the maximum quantity of total regulated PTEs that
can be added to a specific area of soil in a 5-year period (Government of Ontario, 2009). If
the amount of ash required for land application is lowered because of well-regulated
phosphorus, these exceedances may be avoidable. The following sections discuss reuse
options for the smouldered ash via land application and alternatively, extraction of
elements from the ash to subsequently recycle.
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Table 4.2: Total elemental concentrations
Element

Target
P
PTEs

Concentration (mg/kg-dry matter) ± SE
Sludge

Woodchips

Ash b

26000 ± 3000

480 ± 90

43000 ± 6000

5400 ± 300
1100 ± 400
Al
2.6 ± 0.2
0.3 ± 0.4
Cd
3.8 ± 0.3
0.4 ± 0.4
Co
120 ± 10
34 ± 2
Cr
480 ± 40
16 ± 4
Cu
53000 ± 5000
2100 ± 600
Fe
4200 ± 400
1600 ± 300
Mg
260 ± 30
200 ± 40
Mn
22 ± 2
1.4 ± 0.6
Mo
47 ± 6
13 ± 2
Ni
110 ± 10
70 ± 10
Pb
630 ± 90
64 ± 30
Zn
𝜎
a
Standard error calculated as 𝑛
b

Mixed Ash c

13000 ± 20

13000 ± 1000
2400 ± 90
2.0 ± 0.8
1.0 ± 0.1
5.7 ± 1
2.8 ± 0.3
160 ± 40
53 ± 2
1500 ± 400
290 ± 7
56000 ± 20000 18000 ± 1000
9000 ± 1000
4200 ± 90
690 ± 50
330 ± 9
26 ± 2
6.2 ± 0.3
87 ± 10
25 ± 1
110 ± 60
31 ± 4
1400 ± 500
350 ± 10

√

a

Woodchip
Ash d

Sand e

970 ± 20

290 ± 50

3200
1.2
2.8
13
23
4200
2900
540
3.7
25
29
77

± 600
± 0.05
± 0.3
± 10
±8
± 800
± 500
± 30
±1
±4
±4
±7

300 ± 100
0.06 ± 0.01
0.15 ± 0.01
4.2 ± 0.7
3.5 ± 2
620 ± 200
37 ± 13
4.1 ± 1
1.9 ± 0.3
1.7 ± 0.2
8.4 ± 0.2
7.8 ± 3

Regulatory standard
O. Reg. 338: NASM
CM1
(mg/kg-dry mass)

3
34
210
100

5
62
150
500

Ash is considered all materials from smouldering experiments of sand mixed with sludge finer than 0.250 mm (< #60 sieve)
c
Post-treatment ash from co-smouldering experiments consisted of sludge mixed with woodchips
d
Woodchip ash generated in the lab according to ASTM-D2866-11
e
The sand is considered all materials from smouldering experiments of sand mixed with sludge coarser than 0.250 mm (> #60 sieve)
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4.3.2

Suitability for Land Application

4.3.2.1

Phosphorus Availability and Release

Phosphorus release during column percolation, and pH-dependent availability from
sludge, ash, and sand are shown in Figure 4.1. The values have been normalized in terms
of mg of elemental release per kg of dry sludge (mg/kg – DS) so that all materials are
weighted consistently based on starting material.
A large slug of phosphorus (60% of total release, 98% organic, <0.1% of total
content) was immediately released from the sludge (Figure 4.1a). This initial release was
followed by a significant decline, reaching a steady release after an L/S of 2 mL/g-dry.
Most of the available phosphorus in the sludge was released early in the experiment, at low
L/S. Of the cumulative phosphorus released from the sludge, 0.08% of total phosphorus,
74% was organic phosphorus and 26% was inorganic. Released phosphorus appears to be
availability-limited as it reached an equilibrium within the duration of the experiment,
which means that more phosphorus will not become available with additional water
percolation alone (Figure B.3-1, Appendix B.3).
In contrast, a smaller initial slug, 81% organic, was released from the ash
representing <0.001% of total phosphorus content in ash and <1% of total release (Figure
4.1a). The release profile transitioned to 36-59% inorganic phosphorus later in the test.
Release never reached an equilibrium and seemed likely to continue releasing primarily
inorganic phosphorus beyond the cumulative L/S of 10 mL/g-dry. Therefore, smouldering
transformed phosphorus species into more solubility-limited forms (Figure B.3-1,
Appendix B.3). Of the cumulative phosphorus released from the ash, 0.09% of total
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phosphorus, 41% was organic phosphorus and 59% was inorganic. Over time, ash became
a better source of inorganic phosphorus that is more valuable to plants. The available
phosphorus from the ash was also primarily inorganic, composing 70-100% and varying
with pH (Figure 4.1b). At native pH, ash had less available total and inorganic phosphorus
compared to sludge at its native pH, i.e., pH 7.82 for the ash and 5.8 for the sludge. As pH
changes, availability from ash increased by 4400 mg/kg – DS at pH 1.57 or 1800 mg/kg –
DS at pH 13.
Release from the sand fraction showed similar patterns to both sludge and ash
(Figure 4.1a). Initial phosphorus release from the sand, 88% organic, represents 0.2% of
total phosphorus content in sand and 7% of total release. The normalized release from the
sand was immediately higher than the ash and rapidly exceeded the release from the sludge
between an L/S of 1 and 1.5 mL/g-dry. Of the cumulative phosphorus released from the
sand (i.e., 2.4% of its total content), 90% was organic phosphorus and 10% was inorganic,
suggesting a condensation effect on the sand. Some of the organic phosphorus that was
volatilized during smouldering may condense within the cooler fixed sand bed ahead of the
reactions, retaining a portion of it within the sand that would otherwise be released in the
emissions. This was consistent throughout the experiment (88 – 90% organic and 10 – 12%
inorganic) and further observed from the pH-dependent availability results (89 – 94%
organic) (Figure 4.1b). Based on the release profile, sand seemed likely to continue to
release phosphorus beyond the highest L/S in Figure 4.1a, thereby demonstrating a
solubility-limited process similar to the ash. Furthermore, sand has minimal pHdependence (Figure 4.1b), achieving a limited range of phosphorus availability, 440-770
mg/kg – DS, over environmental relevant pH conditions (3.55<pH<10.98).
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Mixed ash was not evaluated for its applicability for land application because of its
low retention of phosphorus (22%) (Table B.2-3, Appendix B.2), which translated to a low
phosphorus availability (Figure B.3-5, Appendix B.3).

Figure 4.1: a. column percolation experimental results (following USEPA Method
1314), b. pH-dependent leaching (following USEPA Method 1313) of phosphorus
from the virgin sludge and post-treatment ash and sand. The total phosphorus is
shown with dotted lines and inorganic phosphorus with solid lines. All values have
been normalized to mg of P per kg of dry sludge, and the release is presented as a
function of the cumulative liquid-to-solids ratio.
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4.3.2.2

Potentially Toxic Elements

Understanding the availability and leaching behaviour of PTEs is important for
assessing the environmental impacts of disposal and/or reuse options for sludge and ash.
Releases of 8 commonly regulated PTEs from the column percolation experiments are
shown in Figure 4.2, and pH-dependent availabilities are shown in Figure 4.3.
Ash exhibited lower releases of 6 of 8 PTEs (Figure 4.2). Initial releases of
cadmium, cobalt, copper, nickel, lead, and zinc from sludge exceeded those from ash by
93-99%, and cumulative releases from sludge exceeded ash by 50-96%. Of these, cobalt,
copper, and nickel were availability-limited in the sludge (Figure 4.3). The lower relative
pH of the sludge (pH 5.8) compared to the ash (pH 7.8), may explain the higher initial
release of the availability-limited PTEs from the sludge since chemical changes would
influence the release of these elements more than increased percolation (Figure B.3-2,
Appendix B.3). While ash had higher total elemental concentrations compared to sludge
(Table 4.2), higher total elemental concentrations did not translate to higher element
releases. The relatively higher release of the other PTEs from the sludge than ash could be
the result of mineralization during smouldering.
Releases of chromium and molybdenum, the two elements where release from ash
exceeded that from sludge, were low from both materials. These two PTEs and lead were
similar to or slightly more available from the ash than sludge under environmentally
relevant conditions (i.e., pH 5.5 – 8.5; Figure 4.3). In contrast, availabilities of cobalt,
copper, nickel, and zinc from sludge exceeded their availabilities from ash across the pH
range most relevant to land application.

120

Although sand meets land application guidelines for PTEs (Table 4.2), a large mass
of sand would be required to meet plant nutrient requirements, which would be labour
intensive and costly. Moreover, operational challenges make direct land application of the
sand infeasible. Wet sieving of sand to recover phosphorus is more practical and sequesters
other PTEs, primarily lead, nickel, and chromium which are retained in the sand fraction.
Therefore, the release and availability of other PTEs in the sand were not assessed here,
but more information is available in the Appendix B.
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Figure 4.2: column percolation experimental results (following USEPA Method 1314)
for 8 commonly regulated potentially toxic elements from the virgin sludge and posttreatment ash and sand. The elemental release is shown as cumulative release as a
function of the liquid-to-solid ratio. The values have been normalized to mg of element
per kg of dry sludge. The available content of the materials from USEPA Method
1313 at native pH has been plotted at an L/S of 10 mL/g-dry. A dotted line with a
slope of 1 has been added to each plot. A slope of an element release curve near 1
demonstrates solubility-limited processes governing elemental release while a slope
less than 1 demonstrates that availability-limited processes.
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Figure 4.3: pH-dependent leaching (following USEPA Method 1313) of 8 potentially
toxic elements from the virgin sludge compared to the post-treatment ash and sand.
All values have been normalized to mg of phosphorus per kg of dry sludge.
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4.3.3

Extraction Potential
The extraction potential of phosphorus from the sludge/sand test was determined

for the post-treatment ash and sand using three different extractants and compared to virgin
sludge (Table 4.3). A 10:1 L/S acidic extraction from ash and sand recovered 42% of initial
phosphorus (10,900 mg/kg – initial sludge [IS]). The extractant solution was also enriched
with iron (30%, 15,900 mg/kg – IS), magnesium (65%, 2730 mg/kg – IS), and aluminium
(32%, 1730 mg/kg – IS) and contained measurable amounts of copper (60%, 290 mg/kg –
IS), manganese (73%, 190 mg/kg – IS), zinc (22%, 140 mg/kg – IS), lead (32%, 35 mg/kg
– IS), chromium (14%, 17 mg/kg – IS) and nickel (18%, 8.5 mg/kg – IS). The additional
PTEs present in the extractant solution would likely require subsequent separation. All
other measurable elements are below 15 mg/kg – IS. Phosphorus released from ash and
sand were both solubility-limited (Figure 4.1); increasing the L/S above 10:1 could further
increase the amount of phosphorus recovered from ash and sand. However, increasing the
L/S would also increase PTE content in the solution, especially of cadmium, cobalt, lead,
and zinc, which were all identified as solubility-limited (see Table 4.2).
Acidic extraction from sludge recovered only 5% of initial phosphorus (1300 mg/kg
– IS) and is therefore not suitable on its own for phosphorus recovery. However, its high
yields of PTEs from the initial sludge (magnesium (72%, 3020 mg/kg – IS), zinc (100%,
630 mg/kg – IS), and manganese (75%, 190 mg/kg – IS)) may make it attractive as a pretreatment prior to smouldering or another recovery method. Phosphorus released from
sludge is availability-limited (Figure 4.1), so increasing L/S would not provide much
additional benefit.
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Alkaline extraction from ash and sand recovered 19% of initial phosphorus (4940
mg/kg – IS) and was also enriched with aluminium (19%, 1030 mg/kg – IS). It also
contained measurable amounts of iron (0.1%, 53 mg/kg – IS), copper (11%, 53 mg/kg –
IS), and magnesium (0.4%, 17 mg/kg – IS). Although the phosphorus recovery was
somewhat poor, the low abundance of other extractable elements may make it an attractive
step in a more complex recovery effort.
Alkaline extraction from sludge recovered 68% of initial phosphorus (17,700
mg/kg – IS) and was also enriched with iron (11%, 5830 mg/kg – IS) and aluminium (60%,
mg/kg – IS). The extractant solution also contained measurable amounts of magnesium
(7%, mg/kg – IS), zinc (37%, 230 mg/kg – IS), copper (44%, 210 mg/kg – IS), manganese
(16%, 42 mg/kg – IS), lead (27%, 30 mg/kg – IS), chromium (10%, 12 mg/kg – IS), nickel
(26%, 12 mg/kg – IS), and molybdenum (55%, 12 mg/kg – IS). Subsequent separation of
PTEs would likely be required, similar to acidic extraction from the ash. Water extraction
was not a viable method for any material.
For the post-treatment materials (i.e., ash and sand): in addition to phosphorus
recovery using either acidic or alkaline solutions, 30% of phosphorus could be recovered
from the emissions stream. Emissions recovery could bring total phosphorus recovery from
post-treatment materials to 70% with acidic extraction, and 50% with alkaline extraction.
For co-smouldering sludge and woodchips, the largest fraction of potentially
recoverable phosphorus is from process emissions (78%). Both acidic and alkaline
extractions from mixed ash provided some further recovery (Figure B.3-5, Appendix B.3).
In particular, acidic extraction yielded a further 21% of initial phosphorus (2,500 mg/kg of
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initial sludge/woodchip content [IS/WC]), bringing total phosphorus recovery to nearly
100%. Acidic extraction of mixed ash was also enriched in magnesium (32%; 850 mg/kg
– IS/WC), iron (<1%; 190 mg/kg – IS/WC), zinc (24%; 72 mg/kg – IS/WC), aluminum
(2.5%; 72 mg/kg – IS/WC), manganese (31%; 69 mg/kg – IS/WC), and copper (12%; 24
mg/kg – IS/WC). All other measurable elements were below 10 mg/kg – IS/WC. In
contrast, alkaline extraction yielded only 2% additional phosphorus, making the total
potentially recoverable phosphorus 80%. Alkaline extraction of mixed ash requires less
additional separation of other elements. Only aluminum had significant presence in the
extractant (3%; 96 mg/kg – IS/WC). All other PTEs were < 2 mg/kg – IS/WC. However,
this benefit is small given its poor phosphorus yield at high pH. Therefore, the optimal
method of phosphorus recovery from the mixed ash is via the process emissions combined
with acidic extraction of the bottom ash.
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Table 4.3: Extraction Potential from the Sludge and Sand with Ash
Element

Initial Content
(mg/kg-dry
matter) ± SE a
Sludge

Percentage extracted from total content in sludge ± SE a (%)
Water b
Sludge

Target
P
26000 ± 3000
0.6 ± 0.06 AL
High Recoverable Content (> 100 mg /kg-dry sludge)
53000 ± 5000
Fe
0.1 ± 0.01 SL
5400 ± 300
Al
0.04 ± 0.01 AL
4200 ± 400
Mg
16 ± 2 SL
630 ± 90
Zn
4 ± 1 SL
480 ± 40
Cu
7 ± 1 AL
260 ± 30
Mn
5 ± 1 AL
Low Recoverable Content (< 40 mg /kg-dry sludge)
120 ± 10
Cr
0.3 ± 0.02 AL
110 ± 10
Pb
0.7 ± 0.1 SL
47 ± 6
Ni
16 ± 2 AL
22 ± 2
Mo
4 ± 0.4 SL
3.8 ± 0.3
Co
25 ± 2 AL
2.6 ± 0.2
Cd
1.3 ± 0.1 SL
a
b

Standard error calculated as

pH 2 c

Sand + Ash d

Sludge

1.8 ± 0.4 SL

5 ± 0.5

pH 13 c

Sand + Ash d

Sludge

Sand + Ash d

42 ± 8

68 ± 7

19 ± 3

0.3
0.2
31
0.3
5
7

± 0.1 SL
± 0.1 SL
± 15 AL
± 0.1 SL
± 4 AL
± 3 AL

5
4
72
100
14
75

± 0.4
± 0.2
±7
± 14
±1
±7

30
32
65
22
61
74

±9
± 11
± 24
±6
± 27
± 33

11
60
7
36
43
16

±1
±3
±1
±5
±3
±2

0.1
19
0.4
0.7
11
0.4

± 0.1
±7
± 0.1
± 0.2
±8
± 0.2

2
1.2
1.4
9
1
1.2

± 1 AL
± 0.6 SL
± 0.8 AL
± 6 AL
± 1 SL
± 0.4 SL

2
2
25
2
90
13

± 0.2
± 0.3
±3
± 0.2
±7
±1

14
32
18
7
42
18

±5
± 18
± 12
±4
± 10
±5

10
27
25
54
62
34

±1
±3
±3
±6
±5
±3

3
0.9
4
30
2
3

±1
± 0.3
±2
± 19
±2
±1

𝜎
√𝑛

Extraction at native pH where samples were mixed with only deionized water (pH 6 for sludge, 7 for sand, and 8 for ash)
The actual sample pH values are within ± 0.5 pH units of the specified value
d
Combined post-treatment materials (i.e., coarse-grained quartz sand and smouldered ash)
SL
Material identified as ‘solubility-limited’ based on the column percolation results following USEPA Method 1314
AL
Material identified as ‘availability-limited’ based on the column percolation results following USEPA Method 1314
c
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4.3.4

Discussion of Land Application and Recovery Opportunities

4.3.4.1

Sludge Smouldering in an Inert Porous Media

The best opportunity to create a valuable product for land application is
smouldering sludge with sand which resulted in 78% phosphorus retention in the bottom
ash. Furthermore, the ash contained more inorganic phosphorus than either the sludge or
sand fraction which is more beneficial to plants. This inorganic phosphorus was released
more slowly than the phosphorus from sludge, which experienced early washout, losing
60% of total released content almost immediately. Following the early release, remaining
phosphorus species within the sludge were less available and therefore less useful to plants
without additional weathering or solubilization by plants and microbes, which can be slow
and often insufficient for plant needs (Arcand and Schneider, 2006). Interpreting column
percolation (Figure 4.1a) and pH-dependent availability (Figure 4.1b) results together
suggests that the sludge was already more acidic when applied and therefore its phosphorus
was already more available in the immediate term. Early washout of available phosphorus
from sludge can (1) contribute to eutrophication and (2) require sludge to be applied more
frequently to meet plant nutrient needs. Comparatively, the phosphorus from the ash
became more available with decreasing pH (relative to starting pH), which means a steadier
supply of phosphorus to plants as pH becomes slightly more acidic with repeated plant
growth cycles. With a high abundance of desirable, inorganic phosphorus in the ash,
significantly less ash is likely to be needed for land application relative to sludge. Release
of most retained PTEs was already lower from the ash and applying less ash would further
reduce PTE release. The behaviour of phosphorus release and availability for the sand,
supports the idea that a small amount of ash was retained in the sand fraction during dry
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sieving. Since sand comprises 98% of the mass of post-treatment materials (2% ash),
mechanical separation of the ash and sand would make land application of the ash more
practical and economically feasible. Moreover, although sand meets land application
guidelines for PTEs (Table 4.2), a large mass of sand would be required to meet plant
nutrient requirements, which would be labour intensive and costly. Since the sand retained
30% of phosphorus (90% organic), wet sieving could be used to fully remove ash from the
sand fraction and potentially recover some of the additional phosphorus retained on the
sand while removing other PTEs (most notably lead, nickel, and chromium). Future work
involving plant growth studies and multiple growth cycles may be beneficial to (1)
optimize amounts of ash required to support plant growth and (2) determine the phosphorus
flux from ash.
The maximum recoverable phosphorus from smouldering sludge mixed with sand
was around 70% with approximately 30% from emissions and 40% from ash and sand with
acidic extractant (pH 2). The lower observed phosphorus recovery using an alkaline
extractant (19%) is unsurprising, as it has been observed consistently among other studies
(Biswas et al., 2009; Petzet et al., 2012; Stark et al., 2006). The phosphorus yield using an
acidic extractant may be improved further with more extractant volume. Furthermore,
because the ash was the most concentrated source of retained phosphorus after treatment
(50%) but only 2% of the post-treatment mass, extraction from the ash alone at low pH
could minimize extractant volume requirements (0.69 m3/tonne virgin sludge) while only
slightly reducing phosphorus recovery (32% from ash alone). Comparatively, a
significantly larger extractant volume would be required for a 10:1 L/S extraction ratio
from both the sand and ash (66 m3/tonne virgin sludge), or from the sludge (10 m3/tonne
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virgin sludge). Reduced extractant requirements also results in less processing solution
waste which can be expensive and challenging to dispose of (Donatello and Cheeseman,
2013a). Therefore, when considering phosphorus recovery, it would make more
economical sense to physically separate the ash and sand and reuse the sand in future
smouldering applications.

4.3.4.2

Co-Smouldering Sludge with Organic Waste

Of the alternatives assessed, the best opportunity for direct recovery of phosphorus
is smouldering sludge with woodchips (or another low-impurity, high-energy fuel) and
capturing the gases (Table B.3-3, Appendix B.3). While emissions recovery was not
rigorously quantified in this research, it is an important source of recoverable phosphorus
that will be explored in future work on smouldering systems. The remaining phosphorus
in the resultant mixed ash can be recovered easily with an acidic extractant (pH 2). Between
the emissions capture (78%) and extraction from ash (21% at pH 2), close to 100% of
phosphorus could be recovered from sludge (and woodchips). The significant phosphorus
volatilization observed during co-smouldering of sewage sludge is commonly observed
during incineration (Cieślik and Konieczka, 2017). Similar to chemical extraction,
recovering phosphorus from the emissions stream would require additional processing to
separate out other PTEs. To minimize disposal requirements from processing, the
extraction waste and emissions waste could be combined and recycled for other purposes
such as an additive in construction materials (Cieślik and Konieczka, 2017). Cosmouldering presents both operational and procedural advantages. Since both the sludge
and woodchips are combustible, only inert ash remains (20% initial mass) making
phosphorus recovery simpler and more economical. Phosphorus extraction from the mixed
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ash would require 1.3 m3 extractant solution/tonne virgin sludge which is 88% less
extractant volume than would be required for virgin sludge. Another advantage of treating
fully organic waste beds is their capacity to be straightforwardly designed as continuous or
semi-continuous smouldering systems, where fuel (e.g., sludge/woodchips) is continuously
added to the reactor with potential to remove ash from the base. A system of this nature
could eliminate time and costs of reignition. Furthermore, continuous smouldering would
behave similarly to current incinerator configurations at WWTPs, making adaptation of the
process highly feasible.

4.4 Conclusions
Smouldering enables phosphorus recovery from wastewater treatment sludge in
several potentially beneficial forms. The best opportunity to create a valuable soil
amendment with sufficient phosphorus available to plants in the longer term is smouldering
with sand. The resulting ash retained 78% of the total phosphorus of the parent sludge and
contained higher quantities of inorganic phosphorus in sorbed and mineral phases,
providing beneficial slow phosphorus release and avoiding early washout. Furthermore,
land application of ash is more favourable than sludge since it reduces co-dissolution of 6
of 8 commonly regulated PTEs. Although total elemental concentrations of sludge and ash
exceeded O. Reg. 338 land application guidelines for some PTEs, release profiles suggest
that smouldering treatment provides important benefits by creating a resource of highquality phosphorus while sequestering other potentially more harmful elements. Since sand
provided an important sink for phosphorus (30% of retained phosphorus, 90% organic),
mechanical separation and washing at low L/S should be applied to recover this additional
phosphorus from the large sand mass.
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Considering extraction as an alternative to direct land application, no single
extraction from any material is ideal for phosphorus recovery, before or after smouldering.
However, co-smouldering sludge with woodchips could enable close to 100% phosphorus
recovery when extraction from the post-treatment ash (21% phosphorus at pH 2) is
combined with emissions capture (78% phosphorus). Further separation of phosphorus and
PTEs would still be required from the emissions stream which contained >70% of PTEs
originally present in the parent sludge. Overall, co-smouldering sewage sludge with
woodchips (or another low-impurity, high-energy fuel) has numerous benefits, including
(1) treating multiple waste streams, (2) producing a single post-treatment ash, (3) being apt
for continuous operation, and (3) increasing treatment temperatures, which may provide
further opportunities for treating additional persistent contaminants in the parent sewage
sludge.
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Chapter 5

5

Behaviour of PCDD/Fs and PTEs during smouldering
treatment of sewage sludge

5.1 Introduction
Sewage sludge contains high quantities of potentially toxic elements (PTEs) and
emerging contaminants including antibiotic resistant bacteria and perfluorinated
compounds (Jiwan and Ajah, 2011; Zhou et al., 2019), which have been shown to cause
adverse health and environmental impacts (Zhang et al., 2017b). These hazards drive strong
interest in thermal conversion techniques that limit their environmental release (Pudasainee
et al., 2013; Werther and Ogada, 1999; Zabaniotou and Theofilou, 2008). Incineration is
an attractive option for treating sewage sludge due to its ability to destroy organic
contaminants (Werther and Ogada, 1999). However, the by-product emissions from sludge
incineration often contain hazardous compounds that require additional treatment,
particularly polychlorinated dibenzo-p-dioxins (PCDDs), polychlorinated dibenzofurans
(PCDFs), and PTEs including heavy metals (Fullana et al., 2004; Pudasainee et al., 2013;
Shao et al., 2008; Werther and Ogada, 1999).
Recently, smouldering combustion has been demonstrated as a novel sludge
treatment technology to reduce energy and carbon demand in wastewater treatment plants
(WWTPs) (Rashwan et al., 2016). Smouldering can manage high moisture content (MC)
sludge (80-85% MC) with minimal pre-processing, an advantage that fundamentally draws
on the slower smouldering combustion time scales compared to those in flaming
combustion systems such as incinerators (Torero et al., 2020; Yermán et al., 2015). This
key difference allows for more efficient energy transfer in the system. Smouldering-based
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systems operate in a self-sustaining manner, without the need for supplemental energy after
ignition, even in these very high moisture content conditions (Rashwan et al., 2016;
Serrano et al., 2020). While smouldering has many advantages as a low-energy thermal
treatment option, the lack of information regarding potential formation of by-products and
treatments required to manage them is a barrier to widespread application.
Release of PCDD/Fs during sludge incineration is a major concern because these
compounds are highly toxic and persistent (Fiedler, 2003; Reiner, 2016; Van den Berg et
al., 2006). PCDD/F formation is possible from any thermal treatment process with
sufficient quantities of carbon, chlorine, oxygen, and metal catalysts (Stanmore, 2004;
Zhang et al., 2017a). Several studies have explored the mechanisms of PCDD/F formation
during combustion processes (mostly incineration) and consensus is that major formation
pathways are: (i) incomplete combustion of existing PCDD/Fs fed to the combustor; (ii)
reactions from precursor compounds; and (iii) de novo synthesis from carbon and chlorine
(Zhang, 2017; Hart, 2004; Stanmore, 2004; McKay, 2002). Heterogeneous reactions at the
gas – solids interface are generally the dominant PCDD/F formation mechanisms in
incinerators, although incomplete combustion of existing PCDD/Fs is also possible
(Fullana et al., 2004; Stanmore, 2004; Zhang et al., 2017a). The extent of combustion
completeness in incinerators has been shown to affect the release PCDD/Fs in incinerator
emissions, where incomplete combustion favours higher amounts of PCDD/Fs released in
the emissions and complete combustion favours lower release of PCDD/Fs (Fiedler, 2003;
McKay, 2002). This is partially because products of incomplete combustion (e.g., volatile
organic compounds (VOCs)) may promote PCDD/F formation via precursor pathways and,
to a lesser extent, de novo synthesis (Tuppurainen et al., 1998). Fluidized bed incinerators
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immediately subject sludge to high temperatures (750 – 925°C) at residence times of 2 – 5
seconds (USEPA, 1995) for complete destruction of PCDD/Fs originally present in the
sludge (McKay, 2002). PCDD/Fs in incinerator emissions are typically produced through
heterogeneous production pathways in the post-combustion chamber (Altwicker et al.,
1992). Although the PCDD/Fs risks from sludge incineration are well-characterized (W.
Deng et al., 2009; Fytili and Zabaniotou, 2008; Han et al., 2006), they are not wellunderstood for smouldering systems.
Smouldering systems for sludge often exhibit lower treatment temperatures (400550 °C) and relatively high fractions of CO/CO2 (0.05-0.4) (Torero et al., 2020). While
these lower temperatures and high CO fractions indicate incomplete combustion, it is not
necessarily clear if sludge smouldering systems foster the conditions needed for PCDD/F
formation and/or release. Most applied smouldering systems exhibit efficient heat transfer
ahead of smouldering as well as filtration, due to the use of inert porous media – typically
coarse grained sand (Torero et al., 2020). As a result, the post-combustion chamber remains
near ambient temperature throughout most of smouldering and contains less particulate
matter than typical incinerators (Torero et al., 2020); these conditions are not expected to
foster PCDD/F formation. These key differences between smouldering systems and
incinerators are expected to govern the differences in mechanisms of PCDD/F formation
and/or release in these two systems (Yerman, 2016). Therefore, it is not appropriate to
extrapolate PCDD/F destruction findings from incinerators to smouldering systems.
Instead, this work seeks to evaluate potential PCDD/Fs formation and/or release during
smouldering with direct experiments.
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Like PCDD/Fs, fate of PTEs during incineration of sewage sludge has been
extensively studied (Han et al., 2006; Marani et al., 2003; Pudasainee et al., 2013);
however, the fundamental differences between incineration and smouldering mean that
analogies between these systems are not straightforward. Sewage sludge provides a natural
accumulation point for PTEs and during incineration they can be retained in ash or
mobilized in the process emissions. The distribution of PTEs during incineration is affected
by type of waste and its characteristics; physicochemical properties of the PTEs; reactor
type; residence time; and incineration operating conditions such as temperature and airflow
rate (Nowak et al., 2013; Zhang et al., 2008). These factors likely affect the distribution of
PTEs during smouldering treatment. Although smouldered sewage sludge ash is likely safe
for landfilling (Feng et al., 2020), more work is still needed to understand compounds being
formed and/or released from sewage sludge smouldering, especially within process
emissions.
This work aims to improve the understanding of risks associated with smouldering
treatment and is the first study to evaluate PCDD/F formation and release from
smouldering sewage sludge. The objectives are to evaluate the mechanisms of potential
formation and release of PCDD/Fs and VOCs and establish the fate of PTEs from treating
sewage sludge with smouldering. To address these goals, smouldering tests were conducted
in laboratory and oil-drum sized reactors varying moisture content and sand-to-sludge ratio
widely to challenge the system. This approach was used to evaluate potential emissions
hazards under a wide range of operating conditions.
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5.2 Materials and Methods
5.2.1

Experimental Set-up and Procedure
Sewage sludge was obtained from Greenway Pollution Control Plant (Greenway)

in London, Ontario, Canada. Complete details on wastewater processing and sludge
generation at Greenway can be found elsewhere (Rashwan et al., 2016). In these tests,
sewage sludge produced from a dewatered slurry of primary and secondary sludge was
collected in batches of 40 – 55 kgs ahead of each smouldering test. Virgin sludge was
typically collected one day prior to smouldering to allow for experiment set-up and
preparation.
Cylindrical reactors fabricated from stainless steel were used for both laboratory
experiments (with 0.16 m diameter, LAB) and larger scale tests in an oil-drum sized reactor
(with 0.6 m diameter, DRUM). Well-established smouldering equipment and procedures
were used for both the LAB (Rashwan et al., 2016), and DRUM (Fournie et al., 2022;
Rashwan et al., 2021a) tests. A basic summary is provided here. Figure 5.1 illustrates the
DRUM reactor set-up and sampling points. The LAB reactor set-up was similar, but it
required a scaled-down and simplified sampling approach (Figure C.1-1, Appendix C). The
reactors were wrapped in 0.051 m thick insulation (LAB: MinWool®, Johns Manville;
DRUM: FyreWrap® Elite® Blanket, Unifrax).
The sewage sludge had an average moisture content of 74% and ash content of 1%
(both wet mass-basis), determined using USEPA Method 1684 (Telliard, 2001). Eight
DRUM and three LAB tests were conducted, summarized in Table 5.1. DRUM 1 and LAB
1a and 1b used dried sewage sludge (3% MC). DRUM 1 was the same sand and sludge
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DRUM test used to evaluate phosphorus in Chapter 4. This sludge was batch dried in an
oven at 105°C until there were no measurable changes in the sludge mass. DRUM 2 and
LAB 2 involved sludge as-received (74% MC). DRUM 3 and 5 were similar but used lower
sand concentrations. For DRUM 4, the sludge was tumbled in a large mechanical mixer
until the moisture content was reduced by 45%. DRUM 6 and 7 were replicates of DRUM
2. DRUM 8 increased sludge content by 1.5x, but otherwise maintained the same
conditions as DRUM 2, 6, and 7.
In each test, the specified mass of sludge was mixed with coarse silica sand (Bell
& Mackenzie Number 12; 1.180 ≤ mean grain diameter ≤ 2.000 mm; porosity (ϕ) = 0.37;
bulk density ([1-ϕ]ρs) = 1670 kg m-3; 0.04 – 0.4% MC) to achieve the specified sand-tosludge ratio (Table 5.1) in a mechanical drum mixer (Rashwan et al., 2016). All
experiments were packed carefully into the reactor to minimize packing heterogeneities;
however, the mixtures in DRUM 3 and 5 were slightly more densely packed than the other
high MC experiments, which contributed to poor smouldering performance. A clean sand
cap (2.5-5 cm thick) was added on top of sand/sludge mixtures in all LAB and DRUM tests
to lower the exiting emissions temperatures for safety purposes.
The reactors were placed on load cells (KCC150 (LAB) and KD1500 (DRUM),
Mettler Toledo) to measure mass loss during smouldering. Thermocouples (Type K 0.0032
m diameter Omega Ltd (LAB); 0.0064 m diameter Kelvin Technologies (DRUM)) were
installed along the full height of the reactors to record process temperatures throughout
each test. Air was injected into the base of the reactors and was operated using a mass flux
controller (FMA5400/5500 Series, Omega Ltd. (LAB); 8290B045PDB67 ASCO Numatics
(DRUM)). The base of the reactor was then heated via a convective heater (F074719 2 kW
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SureHeat® JET (LAB); F074736 36 kW SureHeat® MAX (DRUM), Osram Sylvania)
until ignition, which was identified when the first thermocouple in the sand/sludge mixture
peaked (i.e., 0.02 and 0.06 m up the column in the LAB and DRUM experiments,
respectively). Following ignition, the heater was turned off and air flow was maintained to
support self-sustaining smouldering. The end of each experiment was identified when the
smouldering front reached the end of the sand/sludge mixture in the reactor.
Representative samples, 19 – 100L per DRUM test, of the post-treatment material
(i.e., ash mixed with silica sand) were collected in 19 L buckets that aimed to capture
heterogeneities throughout the reactor. Post-treatment materials were then separated into
sand and ash fractions as defined by grain sizes greater than and less than 0.25 mm,
respectively.
PCDD/Fs were measured in emissions LAB 1a, 1b, and 2 and DRUM 1, 2, 3, and
4. VOCs were measured in the emissions from DRUM 3 and 5. Elemental analyses were
performed on the virgin sludge and remaining ash from DRUM 1, 2, 6, 7, and 8.

5.2.2

Emissions Monitoring
Continuous emissions monitoring systems (CEMS) measured oxygen, carbon

dioxide, and carbon monoxide data from the LAB tests every two seconds (MGA3000C,
ADC), and methane, carbon dioxide, carbon monoxide, and total hydrocarbons from the
DRUM tests every five seconds (ABB Ltd.). The locations of all emissions sampling points
for DRUM tests are shown in Figure 5.1, and LAB tests in Figure C.1-1 (Appendix C).
The PCDD/F emissions sampling train was constructed based on USEPA Method
23, modified following Wallbaum et al. (1995). An XAD tube containing XAD-2 resin
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(Sigma-Alderich, USA) was used to capture PCDD/Fs within the emissions. A cold-water
condenser ahead of the XAD tube was used to rapidly cool the emissions. In the LAB tests,
a single emissions sample was collected from the reactor (Section C.1, Appendix C). In the
DRUM tests, emission samples were collected at two locations along the experimental
system: (i) just above the fixed bed, and (ii) at the exhaust of the onsite emissions treatment
system (Figure 5.1). The two emissions sampling locations were used to analyze PCDD/Fs
that may have been produced/released during smouldering and verify the effectiveness of
the emissions treatment system. A flow meter ahead of the LAB and DRUM reactor
sampling train was used to measure air flow through the sampling system and adjust valves
to maintain constant flow throughout the sampling period. Oxygen content was measured
immediately after the reactor sampling trains (LAB: MGA3000C, ADC; DRUM: Landtec
GEM2000 portable gas analyzer). The duration of the PCDD/F emissions sampling was
recorded from when the pump was turned on, thereby diverting a fraction of the emissions
from the reactor outlet through the PCDD/F sampling train, until the pump was turned off.
The timing and duration of PCDD/F sampling varied between tests to predominantly
capture PCDD/F emissions away from initial- and end-effects (Table 5.1). The condensate
that accumulated during emissions sampling was collected from the condenser and
analyzed with the XAD-2 resin.
An evacuated Summa® canister (ALS Canada Ltd.) was used to collect emissions
samples from DRUM 3 and 5. The canister was connected to the reactor hood directly
above the PCDD/F sampling train (Figure 5.1). A flow controller was used to collect the
emissions samples at a constant rate throughout each test. Sampling occurred for 270 min
for DRUM 3, and 200 min for DRUM 5 (due to less smoulderable material in this test), as
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the smouldering front progressed up the reactor. The emissions samples were analyzed
benzene, benzyl chloride, chlorobenzene, 1,2-dichlorobenzene, 1,3- dichlorobenzene, 1,4dichlorobenzene, ethylbenzene, 4-ethyltoluene, styrene, toluene, 1,2,4-trichlorobenzene,
1,2,4- trichlorobenzene, 1,3,5- trichlorobenzene, o-xylene, m&p-xylene by ALS using Gas
Chromatography/Mass Spectrometry (GC/MS) complying with USEPA Method T0-15,
i.e., as recommended by the National Environmental Protection (Air Toxics) Measure
(USEPA, 1999).
To ensure that all measurements were independent of previous experiments,
background samples were taken while injecting hot air (50 – 60°C) through the empty
DRUM and LAB setups to quantify the background concentration of PCDD/Fs.
Background concentrations were all below detection limits.
All LAB tests were performed in fume hoods that collected the emissions exiting
the reactor into a centralized collection system. Emissions exiting the DRUM reactors were
passed through an onsite treatment system prior to release from a stack. The custom
treatment system (Newterra Ltd.) consisted of two granular activated carbon vessels (820
and 75 kg, respectively), followed by a vessel with impregnated potassium permanganate
media (with 150 kg of material).
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Figure 5.1: Experimental set-up and sampling for DRUM tests.
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Table 5.1: Summary of smouldering experiments
Sludge
Sand:
Sludge Sand
Bulk
Air
1
Properties
Sludge
Added Added Density Flux
Ash
Test MC
(wet
(dry
(g/g)
(kg)
(kg) (kg/m3) (cm/s)
mass mass
%)
%)
LAB
1a
3.2
29
24:1
0.52
12
1626
5.0
1b
3.2
29
24:1
0.27
6.27
1490
4.6
2

Peak
Temp

Propagation
Velocity

(°C)

(cm/min)

Other
Analyses
Performed

516
569

0.53
0.46

PCDD/F
PCDD/F
PCDD/F

74

29

6.5:1

1.84

12

1148

5.0

458

0.29

1

3.2

28

24:1

8.5

218

1472

5.0

533

0.38

2

72

23

6.5:1

29.2

191

1191

5.0

500

0.27

3

75

27

4.5:1

33.5

151

1355

1.0 2

427

0.09

4

40

24

12:1

28.5

186

1435

5.0

512

0.40

PCDD/F,
PTEs
PCDD/F,
PTEs
VOCs,
PCDD/F
PCDD/F

5

75

28

4.5:1

26.5

119

1378

5.0

324

0.23

VOCs

6

72

27

6.5:1

29.2

191

1265

5.0

475

0.23

PTEs

7

74

22

6.5:1

29.2

191

1296

5.0

481

0.24

PTEs

Comments

Robust, some edge effects
Robust, some edge effects
Extinction part way up the
column, edge effects similar to
DRUM 2

DRUM

8
73
24
4.5:1
42.5
191
1267
5.0
528
0.20
PTEs
The total sand to fuel mass ratio is presented, although the MC (%) and Ash (%) varied between tests
2
Ignited at a higher air flux
1
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Robust, minimal pyrolyzed crust
similar to DRUM 4
Robust, some edge effects
Weak, significant unburned/crust
regions
Robust, minimal edge effects
Weak, significant unburned/crust
regions
Robust, some edge effects similar
to DRUM 2
Robust, minimized edge effects
compared to DRUM 2 & 6
Robust, some edge effects

5.2.3

Elemental Analysis and Mass Balance Calculations
Total contents of aluminum, cadmium, cobalt, chromium, copper, iron, manganese,

molybdenum, nickel, lead, and zinc in the virgin sewage sludge, virgin sand, and posttreatment ash and sand were determined with inductively coupled plasma, optical emission
spectroscopy, and mass spectrometry (ICP-OES). These elements were selected because
they are currently monitored at WWTPs. Triplicate samples of solids were extracted by
microwave assisted acid digestion following USEPA Method 3051A (Element, 2007).
Experimental data was used to determine the distribution of mass of each element
within the reactor pre- and post-smouldering. Masses of sand and sewage sludge added
into the systems was carefully tracked during mixing, packing, and unpacking. The mass
of post-treatment ash generated was determined based on the quantity of sewage sludge
added to the system and the mass removed during smouldering as measured by the load
cell. Due to the nature of a fixed bed reactor, the sand matrix is conserved with no losses
during treatment (Yermán et al., 2015).
The total masses of sand and ash size fractions were extrapolated based on sieve
analysis from 6 subsamples taken from each test (Section C.2, Appendix C). The total
quantity of each element was similarly extrapolated for each size fraction and compared to
the total quantities originally in virgin sewage sludge and sand. Differences were assumed
as losses via volatilization.
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5.2.4

Dioxin and Furan Analysis
A modified QuEChERS method (Haimovici et al., 2016) was used to extract the

aliquot from the XAD-2 and condensate samples for PCDD/Fs analysis by Gas
Chromatography/High-Resolution Mass Spectrometry (GC/HRMS). All analyses were
performed at the mass spectrometry laboratory, Ministry of Environment, Conservation,
and Parks, Toronto, ON. The measured masses of the 17 most toxic PCDD/F congeners
(i.e., the PCDD/Fs containing chlorine atoms in the 2,3,7,8 positions on the benzene rings)
(Reiner, 2016) were converted into concentrations in the emissions based on measurements
from a downstream flow totalizer (see Section C.3, Appendix C for full method and
calculations).
PCDD/F emissions concentrations were normalized to account for sampling
volume, reactor scale, air flux into the reactor, bulk density of the sludge and sand mixture,
MC of the fuel, ash content, sand-to-sludge mass ratio, smouldering propagation velocity,
and the temperatures and pressures of the air entering and leaving the reactor (Section C.4,
Appendix C).
According to the Canadian Council of Ministers of the Environment Environmental
Compliance Approval (ECA), the allowable maximum concentration of PCDD/Fs in the
undiluted flue gas, emitted from sewage sludge incinerator stacks is 80 pg/m3 toxic
equivalent quantity (TEQ) corrected to 11% O2 at a reference temperature and pressure of
25°C and 101.3 kPa, respectively. To compare the PCDD/F concentrations to regulatory
standards, experimental values were corrected to these reference conditions (see Section
C.3, Appendix C for full calculations).

150

5.3 Results and Discussion
5.3.1

Smouldering Behaviour
Smouldering destroyed more than 90% of the initial sludge biomass, leaving 1-10%

as residual inorganic ash in the reactor. Peak temperatures ranged between 450 – 600°C in
LAB tests and 325 – 550°C in DRUM tests (Table 5.1).
The evolution of three dominant smouldering burn patterns observed in the
experiments are shown in Figure 5.2 (adapted from Rashwan et al., 2021). In robust
smouldering, the smouldering front is well distributed in the cross-sectional area of the
reactor and remained that way as the front propagated through the material. Robust
smouldering, with minimal crust/unburned sections, was observed in LAB 1a and 1b and
DRUM 1 and 4 (Figure 5.2A). Internal and external factors can reduce smouldering
robustness. Heat losses at reactor walls (i.e., edge effects) inhibit smouldering at the walls
while smouldering remains robust at the center of the reactor. These edge effects were
observed as pyrolyzed crusts near the reactor walls after treatment in DRUM 2, and 6 – 8
(Figure 5.2B). In these tests, wall temperatures were less than 200 °C, thereby indicating
that the material did not completely smoulder near the wall (Section C.2, Appendix C).
Heterogeneities can further inhibit smouldering by inducing channeling and other
irregularities in the porous media. Weak smouldering was observed in LAB 2, and DRUM
3 and 5. With extinction conditions near the reactor wall and non-uniform flow field, both
driven by heat losses, large fractions in these experiments remained unburned (Rashwan,
2020; Rashwan et al., 2021c). These weak smouldering conditions led to non-selfsustaining conditions in LAB 2, evident with declining temperatures along the centreline
until extinction halfway up the fuel pack (Section C.2, Appendix C), and borderline-self151

sustaining conditions in DRUM 3 and 5 (Figure 5.2C), with declining peak temperatures
but no quenching (Section C.3, Appendix C). Therefore, these experiments as a whole
represent a broad spectrum of conditions to evaluate process emissions, from robust selfsustaining to extinction of smouldering.

Figure 5.2: Summary of the different burn patterns observed in the experiments.
Times 1 to 4 show smouldering front propagation, where Time 1 shows ignition at the
reactor base, Time 2 shows when the front propagated part-way up the column, Time
3 shows when the smouldering front is approaching the top of the contaminant pack,
and Time 4 shows the approximate post-treatment burn patterns. A. represents tests
with no/minimal crust, B. shows pyrolyzed/unburned crust due to edge effects, and
C. shows significant crust formation and large, unburned regions.
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5.3.2

Fate of Potentially Toxic Elements (PTEs)
Table 5.2 presents a mass balance of elemental retention and volatilization during

smouldering. The ash and sand fractions comprised ~2% and ~98% of the total posttreatment material mass, respectively. However, both fractions retained roughly equal
amounts of PTEs, i.e., the ash retained 33 to 77 (± 15%) of PTEs, while the sand retained
28 to 78 (± 5%) of PTEs. Because dry sieving did not completely separate ash and sand,
some ash was likely retained in the sand fraction (i.e., due to physical attachment). The
high retention of some elements in the sand may be due to this retained ash, compounded
because of the large relative mass of sand. In addition, some PTEs may have condensed on
the sand during smouldering treatment.
Table 5.2 shows that, following smouldering treatment, most PTEs were retained
within the reactor. Retentions of cadmium, chromium, copper, lead, nickel, and zinc were
all ~100% (Table 5.2). In comparison, losses of 60-100% of cadmium, 30-50% of lead,
and 20% of chromium, copper, nickel, and zinc are commonly observed during sewage
sludge incineration (Zhang et al., 2008). Compared to incineration, the lower treatment
temperatures during smouldering likely limited volatilization of these PTEs so they
remained in the ash and were not released in the emissions. For example, from the 2018
National Pollutant Release Inventory Report (which summarizes elemental release from
WWTPs through sludge incineration in London, Canada), one large WWTP reported losses
of: 9 kg of cadmium, 76 kg of lead, 2.7 tonnes of zinc, and 4.1 tonnes of total particulate
matter (City of London, 2019). Considering the initial elemental concentrations in the
sludge and the annual quantity processed by this WWTP, elemental losses in incinerator
emissions equate to ~38% of cadmium, ~6% of lead, and ~22% of zinc originally in the
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sludge (Section C.5, Appendix C). In comparison, smouldering treatment retained 85 to
111 (± 16%) of all PTEs within post-treatment ash and sand (Table 5.2).
Low release of PTEs during smouldering relative to incineration is likely due to: (i)
lower air flow rates; (ii) use of fixed beds instead of fluidized beds; (iii) lower smouldering
temperatures; and (iv) less particulate release. These process differences likely reduce the
potential for volatilized PTEs in the emissions.
Table 5.2: Average elemental content and mass balances of 12 commonly monitored
PTEs at WWTPs
Element
Average Elemental Concentration
Mass Balance
(mg/kg-dry matter) ± SE a
(% total content) ± SE a
Sludge
Post-Treatment
Post-Treatment
b
c
b
Sand
Ash
Sand
Ash c
Total d

a
b

Al

8100 ± 300

260 ± 90 17000 ± 2000

69 ± 24%

40 ± 14%

109 ± 28%

Cd

2 ± 0.2

0.05 ± 0.01

2.8 ± 0.9

61 ± 13%

42 ± 9%

103 ± 16%

Co

2.9 ± 0.4

0.11 ± 0.01

7.8 ± 1

80 ± 4%

42 ± 14%

122 ± 14%

Cr

100 ± 8

130 ± 30

78 ± 30%

33 ± 16%

111 ± 34%

Cu

500 ± 30

2700 ± 700

34 ± 11%

77 ± 14%

110 ± 18%

Fe

40000 ± 4000

830 ± 200 54000 ± 20000

45 ± 14%

39 ± 5%

85 ± 15%

Mg

4400 ± 400

58 ± 14 13000 ± 2000

29 ± 6%

62 ± 11%

91 ± 15%

Mn

240 ± 20

4.3 ± 4

800 ± 100

40 ± 14%

63 ± 11%

103 ± 18%

Mo

13 ± 2

0.21 ± 0.03

30 ± 2

36 ± 7%

53 ± 12%

89 ± 14%

Ni

41 ± 5

1.1 ± 0.1

100 ± 15

57 ± 25%

42 ± 19%

99 ± 31%

Pb

60 ± 14

1.6 ± 0.2

85 ± 60

57 ± 10%

43 ± 13%

101 ± 17%

Zn

680 ± 70

15 ± 40

2200 ± 500

48 ± 9%

62 ± 12%

110 ± 15%

3.7 ± 1
7±2

Standard error calculated as

𝜎
√𝑛

Post-treatment sand (> #60 sieve size)
c
Mostly post-treatment ash (< #200 sieve size)
d
Content in post-treatment ash was determined from ash (< #200 sieve) and mixed sand
fines and ash (i.e., between the #200 and #60 sieve sizes)
e
The standard error was calculated from the uncertainties from each calculation added in
quadrature
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5.3.3

PCDD/F Formation and Release

5.3.3.1

PCDD/F Results from LAB and DRUM Tests

Smouldering removed >99% of 1234678-HpCDD, >99.9% of OCDF and OCDD,
and ~100% of all other PCDD/F compounds initially present in the sewage sludge. Table
5.3 summarizes the quantities of PCDD/Fs released in the combustion gases from the LAB
and DRUM tests, and Figure 5.3 presents the quantities normalized per mass of sludge
destroyed.
Of the four DRUM tests that were monitored for PCDD/Fs, PCDD/Fs were not
detected in the emissions from either DRUM 2 or DRUM 4, both of which were sampled
during robust smouldering conditions. DRUM 1, which was sampled near the end of
smouldering and captured end-effects, and DRUM 3, which exhibited less robust
smouldering, released small concentrations: 45 and 48 pg TEQ /m3 PCDD/Fs, respectively.
These small PCDD/F concentrations in DRUM 1 and 3 were comparable to the LAB
experiments, where LAB 1a and 1b released 26 - 35 pg TEQ /m3 PCDD/Fs, and LAB 2
released 3.9 pg TEQ /m3 PCDD/Fs (Table 5.3). All LAB and DRUM tests that had
measurable PCDD/Fs in the emissions released some 2,3,7,8-TCDF, 1,2,3,4,6,7,8HpCDD, and OCDD (Table 5.3). LAB 1a also released 1,2,3,6,7,8-HxCDD, which was
also measured in DRUM 3, along with 1,2,3,4,6,7,8-HpCDF, OCDF, 1,2,3,4,7,8-HxCDD,
and 1,2,3,7,8,9-HxCDD, which were not detected in any other experiment.
All measured PCDD/F values were exceptionally low. After correcting the reactor
emissions to 11% oxygen (Table 5.3), the concentrations from the DRUM tests were 105
pg TEQ /m3 PCDD/Fs from DRUM 1, 145 pg TEQ /m3 PCDD/Fs from DRUM 3. The
corrected concentrations from the LAB tests were slightly lower, with 70 pg TEQ /m 3
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PCDD/Fs from LAB 1a, 63 pg TEQ /m3 PCDD/Fs from LAB 1b, and 18 pg TEQ /m3
PCDD/Fs from LAB 2. Therefore, the PCDD/F release from all LAB tests were below the
standard 80 pg TEQ /m3 ECA requirement for exhaust stack release. While the PCDD/F
release from the DRUM tests were slightly higher than the ECA requirement, after passing
through the onsite emissions treatment system, all emissions from every experiment fully
complied with the ECA and most tests had no detectable stack release (Section C.3,
Appendix C).
After smouldering, only three PCDD/F compounds were detected in the posttreatment ash from DRUM 1: OCDF, OCDD, and 1234678-HpCDD (Section C.3,
Appendix C). These measurements were all above the detection limit but below the
calibrated range. The ash contained ~1.27 pg/g 1234678-HpCDD, ~0.24 pg/g OCDF, and
~5.09 pg/g OCDD.
The normalized PCDD/F release amounts in Figure 5.3 accounted for variable
experimental conditions across the LAB and DRUM scale tests. These results show that
most experiments released similar amounts of common PCDD/Fs. In addition, the LAB
tests generally exhibited slightly lower PCDD/F release than the DRUM tests, except for
OCDD released from LAB 2. Figure 5.3 also includes hypothetical release values if all
PCDD/Fs initially present in the sludge were released.
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5.3.3.2

Interpretation of Results

The PCDD/F quantities measured in this study are similar to laboratory scale
incineration studies (W. Deng et al., 2009) and commercial sludge incinerators (e.g.,
Werther & Ogada, 1999). Therefore, smouldering sewage sludge releases similarly low
PCDD/Fs as incineration; however, the mechanisms leading to PCDD/Fs in the emissions
are hypothesized to be different than those in incinerators (see Section 5.3.2.3.). Of the
dioxins measured, the two lowest toxicity congeners, OCDD and 1,2,3,4,6,7,8-HpCDD,
comprised most of the released PCDD/F compounds from both LAB and DRUM tests.
OCDD comprised 69 – 90% of LAB and 55 – 58% of DRUM PCDD/F emissions by mass;
1,2,3,4,6,7,8-HpCDD comprised 9 – 26% of LAB and 24 – 32% of DRUM PCDD/F
emissions by mass. The most toxic congener released from any smouldering experiment
was 2,3,7,8-TCDF (TEF of 0.1), which contributed < 5% of the PCDD/F mass in the LAB
tests, and < 10% PCDD/F mass in DRUM tests.
The two laboratory repeats, LAB 1a and 1b, both of which were characterized as
having robust smouldering throughout the test, had very similar PCDD/F results indicating
good repeatability. Comparatively, LAB 2 was characterized as non-robust since it fostered
non-self-sustaining smouldering, which was evident from the large crust formation and
declining temperatures (Section C.1, Appendix C). This experiment released less PCDD/Fs
than LAB 1a and 1b, even under weaker conditions, which could be due to less overall
material smouldered during LAB 2. Overall, a very small quantity of PCDD/Fs
(consistently below the ECA regulations) were released during each LAB test, irrespective
of smouldering performance. The quantities were similar to the PCDD/Fs measured in the
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emissions from DRUM tests during less robust smouldering conditions (i.e., DRUM 1 and
3).
For the larger scale repeat of LAB 1a and 1b, i.e., DRUM 1, the PCDD/F sample
may have captured end-effects when the smouldering front reached the end of the fuel bed
(Figure 5.2). Similar to the behaviour of other condensable compounds in applied
smouldering systems, PCDD/Fs may be released ahead of the smouldering front and
retained by the porous media (i.e., sand) through (i) recondensation onto the cooler sand
grains and/or (ii) physical filtration (e.g., if the PCDD/Fs are sorbed on unburned
particulate material). If recondensation occurs, then some accumulated PCDD/Fs could be
released when the smouldering front reached the end of the fuel bed, which has been
demonstrated for other condensable compounds in smouldering systems (Kinsman, 2015;
Martins et al., 2010; Rashwan et al., 2021b; Yermán et al., 2015). The total unburned
hydrocarbons measured in the emissions from DRUM 2, 3, and 4 supports this
recondensation hypothesis, as the total hydrocarbons relative to the CO2 fraction increased
throughout smouldering propagation (Section C.2, Appendix C). Therefore, this data
indicates that condensable hydrocarbons, sometimes including PCDD/Fs, likely
accumulated in the cool region ahead of the smouldering front and were released from the
system when the temperatures rose as the smouldering front approached the end of the
system, i.e., similar to a common distillation column. All other tests were not timed to
capture this end-effect (Sections C.1 and C.2, Appendix C).
Under weaker smouldering conditions, the PCDD/Fs measured from DRUM 3
were generally similar to those measured when the smouldering front exited the fuel pack
in DRUM 1. However, the weaker smouldering in DRUM 3 released additional PCDD/Fs
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that were not measured during stronger smouldering (i.e., DRUM 2 and 4) or when the
front exited the column (DRUM 1). This may be because this experiment did not facilitate
the high temperatures and residence times to destroy these PCDD/Fs, and instead released
them in the emissions; Section 5.3.2.3. discusses this hypothesized pathway in more detail.
In DRUM 2 and 4, the PCDD/Fs were sampled soon after self-sustaining
smouldering was achieved and during robust smouldering (sample timing and temperature
histories are presented in Section C.2, Appendix C). Therefore, these PCDD/F
measurements demonstrate that very small amounts of PCDD/Fs were likely released
during robust smouldering and recondensed locally, and a small amount of recondensed
PCDD/Fs were likely released as an end-effect, as hypothesized in DRUM 1.
The normalized PCDD/F results in Figure 5.3 provide further insight into the
conditions that influence PCDD/F release during smouldering. Interestingly, after
accounting for all experimental and operational differences between LAB and DRUM
tests, the PCDD/F results align more closely than in Table 5.3. While smaller LAB scale
experiments exhibited slightly higher smouldering propagation velocities (Table 5.1),
heating rates (Sections C.1 and C.2, Appendix C), and peak temperatures (Table 5.1) than
the larger DRUM scale experiments, the characteristic smouldering behaviour in these two
systems was similar. This similar system behaviour corresponds to similar PCDD/Fs
released per mass of sludge smouldered (Figure 5.3), which demonstrates that PCDD/F
released during sewage sludge smouldering may not be sensitive to changes in operational
conditions (e.g., reactor scale or air flux). This is an important finding, as it demonstrates
that the risk from PCDD/Fs may be low in commercial scale smouldering reactors for
sewage sludge treatment.
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Table 5.3: Summary of PCDD/F release in combustion gases from DRUM and LAB tests
Congener
2378-TCDD
12378-PeCDD
23478-PeCDF
123478-HxCDF
123678-HxCDF
234678-HxCDF
123789-HxCDF
2378-TCDF
123478-HxCDD
123678-HxCDD
123789-HxCDD
12378-PeCDF
1234678-HpCDF
1234789-HpCDF
1234678-HpCDD
OCDF
OCDD
Total Mass Concentration 3
Total TEQ Concentration 4
Oxygen content 5
Oxygen correction factor 6
TEQ Concentration (corrected to O₂) 7

Concentration of PCDD/F in combustion gases (pg/m 3)
LAB
TEF
1a
1b
2
1
1
B.D.L. 2
B.D.L.
B.D.L.
B.D.L.
1
B.D.L.
B.D.L.
B.D.L.
B.D.L.
0.3
B.D.L.
B.D.L.
B.D.L.
B.D.L.
0.1
91
172
20
340
0.1
B.D.L.
B.D.L.
B.D.L.
B.D.L.
0.1
B.D.L.
B.D.L.
B.D.L.
B.D.L.
0.1
B.D.L.
B.D.L.
B.D.L.
B.D.L.
0.1
B.D.L.
B.D.L.
B.D.L.
B.D.L.
0.1
B.D.L.
B.D.L.
B.D.L.
B.D.L.
0.1
164
B.D.L.
B.D.L.
B.D.L.
0.1
B.D.L.
B.D.L.
B.D.L.
B.D.L.
0.03
B.D.L.
B.D.L.
B.D.L.
B.D.L.
0.01
B.D.L.
B.D.L.
B.D.L.
B.D.L.
0.01
B.D.L.
B.D.L.
B.D.L.
B.D.L.
0.01
705
899
146
1087
0.0003
B.D.L.
B.D.L.
B.D.L.
B.D.L.
0.0003
2141
2381
1440
1969
pg / m³
3101
3452
1605
3396
pg TEQ / m³ 35
26
3.9
45
%
16.0
16.8
18.8
17.8
2.0
2.4
4.7
3.2
pg TEQ / m³ 70
62
18
145
1

DRUM
2
B.D.L.
B.D.L.
B.D.L.
B.D.L.
B.D.L.
B.D.L.
B.D.L.
B.D.L.
B.D.L.
B.D.L.
B.D.L.
B.D.L.
B.D.L.
B.D.L.
B.D.L.
B.D.L.
B.D.L.
0
0
15.8
1.9
0

3
B.D.L.
B.D.L.
B.D.L.
116
B.D.L.
B.D.L.
B.D.L.
B.D.L.
13
167
88
B.D.L.
74
B.D.L.
794
271
1862
3384
48
16.4
2.2
105

4
B.D.L.
B.D.L.
B.D.L.
B.D.L.
B.D.L.
B.D.L.
B.D.L.
B.D.L.
B.D.L.
B.D.L.
B.D.L.
B.D.L.
B.D.L.
B.D.L.
B.D.L.
B.D.L.
B.D.L.
0
0
17
2.5
0

¹ Toxic equivalency factors (USEPA, 2010)
2
Below the detection limit (B.D.L.), where these limits are summarized in the Supplementary Materials
3
Sum of the PCDD/F mass measured in the emissions normalized per unit volume of emissions analyzed
4
Total mass concentration considering the TEQs of the PCDD/Fs measured
5
Measured immediately after the sampling train
6
Calculated according to the Canadian Council of Ministers of the Environment (1989) equation: {Concentration (at 11% O2) = {Concentration x
[(20.9-11.0)/20.9]}
7
TEQ concentration of PCDD/Fs in emissions normalized to 11% oxygen content
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Figure 5.3: PCDD/F measured in the emissions from LAB and DRUM tests normalized per mass of dry fuel destroyed. The solid
columns present the emissions results on the primary axis. DRUM tests 2 and 4 are not presented since both had no detection of
any PCDD/F compound. The outlined columns show the upper and lower range of PCDD/F content in the virgin sewage sludge
normalized per mass of dry fuel; thereby assuming the approximate maximum rates if all PCDD/Fs initially present in the sludge
were released.
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5.3.3.3

Pathways of PCDD/F Release

The sludge used in this study contained quantifiable amounts of 14 out of the 17
most toxic PCDD/F congeners. Figure 5.3 shows the PCDD/Fs originally present in the
virgin sewage sludge normalized to the MC and range of ash contents typically observed
in the sewage sludge (i.e., 22 – 29%). This illustrates a range of hypothetical maximum
values if all PCDD/Fs initially present in the sludge were released. All the normalized
PCDD/F releases from the DRUM and LAB experiments are lower than this hypothetical
range. Moreover, all PCDD/F compounds released in the emissions were present in the
virgin sludge, even the unique compounds released from DRUM 3 during weak
smouldering. The mass fractions of PCDD/F congeners within the sludge are shown in
Figure 5.4. The mass fractions also suggest that the measured compounds are being
released rather than created, because they align with the distribution observed in the
emissions, i.e., OCDD comprises the largest PCDD/F mass fraction at 86%, followed by
1,2,3,4,6,7,8-HpCDD at 7% (Section C.2, Appendix C).
Because the temperatures during smouldering treatment evolve in space in time,
the sludge is heated from ambient temperature to peak smouldering temperatures at heating
rates between 50-200 °C min-1. Therefore, the PCDD/Fs originally present in the sludge
may have transformed or changed phase due to the lower heating rates and transported out
of the reactor instead of being completely destroyed. The drying, pre-heating, and pyrolysis
zones (Figure 5.2) within a smouldering reactor provide the low-temperature conditions
that may facilitate the release of PCDD/Fs originally present in the virgin sewage sludge.
While most of these PCDD/Fs likely recondense within the sand-sludge matrix ahead of
the smouldering front, some may be released with the emissions.
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Non-uniform conditions (both in the flow field and reactions due to heat losses)
within the fixed bed may produce localized zones of lower temperatures, typically at the
reactor edges, that result in air channeling (Figure 5.2B/C). With the smouldering front
moving unevenly through the waste pack, some regions will be subjected to extended lowtemperature conditions and may be by-passed by the smouldering front (i.e., unburned
areas). Therefore, non-uniform conditions during weak smouldering may result in higher
quantities of PCDD/Fs released in emissions relative to stronger smouldering conditions.
Furthermore, during weaker smouldering conditions (e.g., DRUM 3), the unburned sludge
would likely still contain some amount of the original PCDD/Fs. Comparatively, during
robust smouldering, the PCDD/Fs that are not released from the sludge are almost
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2378-TCDD

Initial Content

12378-PeCDD
23478-PeCDF

LAB 1a

2378-TCDF

123478-HxCDF

LAB 1b

123678-HxCDF
234678-HxCDF

Emissions

LAB 2

123789-HxCDF
123478-HxCDD

DRUM 1

123678-HxCDD

123789-HxCDD

DRUM 2

B.D.L.

12378-PeCDF
1234678-HpCDF

DRUM 3

1234789-HpCDF
1234678-HpCDD

DRUM 4

B.D.L.

OCDF

OCDD
0%

10%

20%

30%

40%

50%

60%

70%

80%

90%

100%

Figure 5.4: Mass fractions of the 17 PCDD/F congeners found in the emissions from
DRUM and LAB tests compared to the virgin sewage sludge.
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5.3.3.4

Pathways of Formation

During non-robust smouldering conditions, products of incomplete combustion
(e.g., VOCs) are more likely to form. VOCs, particularly benzenes and chlorinated
benzenes, were quantified to provide some insight into potential PCDD/F formation via
precursor pathways. The concentrations of benzene-type aromatic VOCs within the
combustion gases of DRUM 3 and 5 (the two experiments that monitored for VOCs) are
shown in Figure 5.5. Since DRUM 5 and DRUM 3 supported weak smouldering that
resulted in large quantities of unburned and pyrolyzed sludge, the VOCs produced during
these tests provides a conservative estimate of precursors present in the emissions during
non-robust conditions. Overall, few benzene-type aromatic VOCs were observed in the
combustion gases, and the trends are relatively consistent between experiments. The
highest concentration of aromatic VOCs was released from DRUM 3, 27,500 µg/m3 of
benzene, followed by 12,800 and 11,900 µg/m3 of styrene and toluene, respectively. These
compounds were also released from DRUM 5, but to lesser extents, i.e., 8,800 µg/m3 of
benzene, 5,600 µg/m3 of styrene, and 10,100 µg/m3 of toluene. Chlorobenzene, which is a
known precursor of PCDD/Fs, was not present in detectable concentrations for DRUM 3
and relatively minor concentrations for DRUM 5 (254 µg/m3). Additionally, all isomers of
dichlorobenzene, and 1,2,4-trichlorobenzene were below detection limits for both tests.
Therefore, even under weak combustion conditions, smouldering does not produce
significant quantities of PCDD/F precursor compounds, making this an unlikely pathway
of formation.
De novo synthesis accounts for significantly less PCDD/F formation in typical
incinerators than precursor pathways (Tame et al., 2007), and the same is likely true for
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smouldering. The chemistry, low process air fluxes, and filtration offered by the porous
media minimize particulate matter and soot release in the emissions from smouldering
systems (Torero et al., 2020). Therefore, de novo reactions, which occur on the surfaces of
solid carbon in the combustion gases (e.g., soot; (Stanmore, 2004)), are probably negligible
in sludge smouldering systems. However, more work is needed to better understand de
novo reactions in smouldering systems.
Furthermore, the emissions temperatures directly above the fuel bed (between ~4 –
37 cm above pack for LAB tests and 40 – 60 cm DRUM tests) do not generally correspond
to the range for optimal heterogeneous reactions (i.e., 200-400°C; Stanmore, 2004) until
after the smouldering front reaches the end of the fuel pack (see Sections C.2 and C.3,
Appendix C). These optimal temperatures are only achieved in the emissions following
robust smouldering (e.g., LAB 1a and 1b, and DRUM 1 and 4) where robust smouldering
would destroy any precursor compounds that could potentially form PCDD/Fs in the postcombustion region. During weaker smouldering (e.g., LAB 2, and DRUM 3), the emissions
temperatures did not achieve this optimal range, even though PCDD/Fs were detected. This
result further suggests that PCDD/Fs measured were released, not formed.
PCDD/F formation may be possible from heterogeneous pathways in smouldering,
much like incineration; however, more work needs to be done to fully understand the
mechanisms governing the risks of PCDD/F formation in smouldering systems. From these
experiments, it is much more likely that PCDD/Fs originally present in the sludge were
released from the sludge rather than formed.
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Figure 5.5: Concentrations of aromatic VOCs in the combustion gases from DRUM
3 and 5 during sewage sludge smouldering. Compounds below the detection limits
have been labeled as ‘BDL’.

5.4 Conclusions
Smouldering provides an economic and energy efficient alternative to incineration
of sewage sludge and presents additional advantages by reducing hazardous by-product
formation. Similar to incineration, smouldering combustion destroys sludge and
concentrates potentially toxic elements (PTEs) within post-treatment ash. However, lower
relative operational temperatures and filtration by the porous bed result in minimal PTE
release in exhaust gases compared to traditional incineration. With relatively lower
quantities of PTEs being released in the emissions, bulk removal and disposal of these
compounds from the reactor sand and ash would be environmentally advantageous and
operationally simpler. In terms of emissions by-products, there is strong evidence to
suggest that PCDD/Fs were not formed in measurable amounts during smouldering
treatment; instead, a fraction of the PCDD/Fs originally present in the virgin sludge were
166

released via volatilization – predominantly in less robust conditions. Altogether,
smouldering acted as a sink for PCDD/Fs, releasing 0 – 3% of the originally present
compounds into the emissions and destroying >99% of the remainder with <1% of
originally present PCDD/Fs remaining in the post-treatment ash. This PCDD/Fs release
was not highly sensitive to operational conditions, including reactor scale and applied air
flux. This result highlights a strong benefit of smouldering combustion: the release of
condensable compounds does not seem significantly influenced by system scale changes;
this is important for emerging industrial smouldering applications. Moreover, due to
recondensation ahead of smouldering, some PCDD/Fs may release at higher concentrations
when the smouldering front reaches the end of the fuel bed. Since the quantity of PCDD/Fs
released is near the allowable limit for stack emissions, minimal emissions treatment is
necessary, thereby simplifying industrial application of smouldering treatment for sewage
sludge. Further research linking PCDD/F release to operating conditions may facilitate
selective application of emissions management measures when needed, instead of
continuously as conducted during smouldering operation.
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Chapter 6

6

Smouldering to treat PFAS contaminated sewage
sludge

6.1 Introduction
Recently, compounds of concern in sewage sludge have expanded to include
endocrine disrupting compounds, including, per- and polyfluorinated compounds (PFAS)
(Clarke and Smith, 2011). PFAS are a group of thousands of chemicals, with the most
common being

perfluorooctane sulfonate (PFOS) and perfluorooctanoic acid

(PFOA)(Buck et al., 2011). Due to their toxicity and persistence in the environment, both
PFOS and PFOA production have been restricted around the world (UNEP, 2019; USEPA,
2020). The properties of PFAS, including chemical and thermal stability, have made them
useful in many applications (Kissa, 2001). However, it is these same properties that make
PFAS challenging to remediate.
PFAS are becoming ubiquitous in the environment, including at wastewater
treatment plants (WWTPs) (Arvaniti et al., 2014, 2012; Gómez-Canela et al., 2012; Moodie
et al., 2021; Sindiku et al., 2013; Sun et al., 2011; Venkatesan and Halden, 2013; Yan et
al., 2012). Sources of PFAS to WWTPs include industrial discharge (Kunacheva et al.,
2011; Washington et al., 2010), landfill leachate (Gallen et al., 2016), and domestic sources
(Pan et al., 2010). Since conventional wastewater treatment methods are ineffective at
treating PFAS, WWTPs tend to be a sink for these compounds (Ahrens et al., 2009).
Additionally, WWTPs are potential sources of PFAS since they can be formed via
precursor degradation (Houtz et al., 2018; Lakshminarasimman et al., 2021; Pan et al.,
2010; Sepulvado et al., 2011). Within WWTPs, most PFAS tends to be concentrated in
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sewage sludge (Clarke and Smith, 2011; Milinovic et al., 2016; Zhang et al., 2013).
Therefore, sewage sludge management needs to consider the fate of these compounds.
Landfilling sewage sludge can result in PFAS entering the environment via leachate
(Ahrens et al., 2011; Gallen et al., 2016). A common alternative to landfilling sewage
sludge is direct land application as a soil amendment. Land applied sludges can be a
significant source of PFAS contamination to the environment through surface runoff or
infiltration (Sepulvado et al., 2011), or circulate in the environment via plant uptake (Blaine
et al., 2013).
With increasing regulations, especially for PFOS and PFOA (USEPA, 2021), there
is significant interest in developing methods of removing and degrading PFAS from
sewage sludge. While incineration may be an effective method of destroying contaminants
present in sewage sludge (Ross et al., 2018), it is also an energy intensive and expensive
process (Werther and Ogada, 1999). The use of thermal treatment methods to remove
PFAS from sewage sludge is relatively limited. Current thermal methods being explored
include incineration (Wang et al., 2013), pyrolysis (Kim et al., 2015; Kundu et al., 2021),
and hydrothermal treatments (Yu et al., 2020a; Zhang and Liang, 2021). While these
studies demonstrate the limited understanding and complexities of treating PFAS in sewage
sludge, they also provide valuable information that can help advance treatment
technologies. Overall, more work is needed in this area.
In 2020, smouldering combustion was shown to be an effective method of treating
PFAS contaminated soils (Duchesne et al., 2020). Smouldering is a flameless form of
burning that occurs on the surface of a fuel within a porous medium (Rein, 2016). This
exothermic reaction produces heat from the heterogenous oxidation of the fuel (i.e., oxygen
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directly attacks the fuel surface) (Ohlemiller, 1985). Smouldering has the potential to be
self-sustaining (i.e., no additional energy input is required after ignition) if the oxidation
reaction releases sufficient energy to overcome heat loses (Ohlemiller, 1985) and the
system has a positive global energy balance (Zanoni et al., 2019). Smouldering combustion
has been demonstrated to be an effective, energy efficient remediation strategy for both
soil treatment (Grant et al., 2016; Pironi et al., 2009; Scholes et al., 2015; Switzer et al.,
2009) and management of wastewater sludges (Rashwan et al., 2016) and faeces (Yermán
et al., 2015). In this context, the organic contaminants and/or wastes are the fuel, and selfsustained smouldering destroys virtually all of it by oxidation; typically, only inert soil
grains (e.g., quartz sand) and ash composed of inorganic compounds remains. To treat
PFAS contaminated soil, a supplemental fuel was added (granular activated carbon (GAC))
to achieve sufficient temperature for PFAS degradation (~900°C) (Duchesne et al., 2020).
While smouldering sewage sludge has been explored in the context of process optimization
(Rashwan et al., 2016), scaling (Rashwan et al., 2021a), landfilling potential (Feng et al.,
2020), and resource recovery potential (Fournie et al., 2022), it is not known how PFAS
originally present in sewage sludge behaves during smouldering.
The aim of this study is to evaluate the use of smouldering to treat PFAS in sewage
sludge. This was done in three phases: (I) evaluating PFAS removal, (II) assessing methods
of improving degradation of PFAS, and (III) exploring the impact of scaling on PFAS
removal. Phases I and II consisted of a series of laboratory smouldering experiments that
evaluated PFAS fate in varied input and operating conditions, including treating high
moisture content sludge, and CaO addition, which has been shown previously to improve
PFAS mineralization in sewage sludge during thermal treatment (Wang et al., 2013).
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Finally, Phase III explored how scale impacts PFAS removal. This work presents the first
comprehensive evaluation of PFAS fate during smouldering treatment of sewage sludge.

6.2 Materials and Methods
6.2.1

Waste Collection and Preparation
Sewage sludge was obtained from a wastewater treatment plant in Ontario, Canada.

Complete details on wastewater processing and sludge generation at Greenway can be
found elsewhere (Fournie et al., 2021; Rashwan et al., 2016). The sewage sludge produced
from a dewatered slurry of primary and secondary sludge had an average moisture content
(MC) of 74.3%, determined using USEPA Method 1684 (Telliard, 2001). All sewage
sludge utilized for the lab tests was collected in a single batch (~40 kgs) to minimize
variability between tests. Sewage sludge utilized for the DRUM tests was collected in
individual batches (~30 kg) immediately ahead of each test. DRUM tests were performed
between January 2018 – August 2019.
Sewage sludge storage and preparation followed a modified procedure developed
by Rashwan et al. (2016). Virgin sewage sludge was batch dried in an oven at 105°C to
achieve a MC of <1%. The samples were dried until there were no measurable changes in
the sludge mass. To homogenize the material, the dried sludge was pulverized using an
immersion blender and sieved to ensure all material was <1 cm. The homogenized, dried
sludge was then stored in 19 L sealed containers at 5°C until use.
Preliminary analysis of sewage sludge samples collected between January 2018 –
August 2019 showed that concentrations of PFOS ranged from 224 – 2230 ng/g and PFOA
was below the detection limit for all samples (Table D.1-1, Appendix D, Section D.1). The
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sewage sludge contained similarly high PFOS compared to treatment studies that have
spiked their sewage sludge (Hamid and Li, 2018; Yu et al., 2020a). Therefore, it was
decided that the virgin sewage sludge would be utilized without additional PFAS spiking.

6.2.2

Smouldering Column Set-up and Procedure
Cylindrical reactors fabricated from stainless steel were used for all laboratory

experiments (LAB: 0.08 m radius) and larger scale tests in oil-drum sized reactors (DRUM:
0.3 m radius). The reactors were wrapped in 0.051 m thick insulation (LAB: MinWool®,
Johns Manville; DRUM: FyreWrap® Elite® Blanket, Unifrax). The reactor set-up and
instrumentation for LAB tests is shown in Figure 6.1, and DRUM tests is summarized in
Section D.3, Appendix D.
Seven new LAB and three DRUM tests were conducted; summarized in Table 6.1. The
LAB tests were separated into two phases. Phase I consisted of three repeat LAB base case
tests (I-1, I-2, and I-3) using dried sewage sludge (MC <1%) mixed with silica sand in a
ratio of 6.5:1 sand-to-dried sludge (g/g). This ratio is higher than what has been used in
previous studies smouldering dried sludge (Fournie et al., 2022; Rashwan et al., 2021a) to
increase the fuel loading and therefore the ability to quantify PFAS products in the posttreatment materials and emissions. Phase II consisted of four LAB tests, two with higher
MC sludge (75% by mass) combined with GAC (CAS: 7440-44-0, PTI Process Chemicals)
in varying concentrations (II-1-1: 20 g GAC/kg sand; II-1-2: 30 g GAC/kg sand). The
sludge was combined with sand in a ratio of 4.5:1 sand-to-sludge (g/g) on a wet-mass basis.
The GAC was added to these higher MC tests to achieve temperatures >900°C by
supplementing the low calorific value sludge. The concentrations were chosen based on
previous research (Duchesne et al., 2020). The other two tests were similar to the base case,
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6.5:1 sand-to-dried sludge, with the addition of CaO (CAS: 1305-788, Carmeuse Lime &
Stone) in varying concentrations (II-2-1: 5 g CaO/kg sand; II-2-2: 10 g CaO/kg sand). The
CaO was added to react with the PFAS in the sludge, mineralizing the fluorine at treatment
temperatures <900°C (F. Wang et al., 2015; Wang et al., 2013). CaO concentrations were
selected to explore how the content impacted the mineralization without significantly
reducing the fuel permeability which could have resulted in extinction. Phase III consisted
of three DRUM tests, the first with dried sludge (III-1 [same as the sand and sludge DRUM
test in Chapter 4 and DRUM 1 in Chapter 5]), and the other two with high MC sludge (III2: 72.3% by mass [same as DRUM 6 in Chapter 5]; III-3: 74.4% by mass). The sand-tosludge ratio for III-1 and III-2 were 6.5:1, and III-3 was 4.5:1, all on a wet-mass basis. No
CaO or GAC was added for these tests.
A specific mass of sludge was mixed with coarse silica sand (CAS: 14808-60-7,
1.18 ≤ mean grain diameter ≤ 2.36 mm, WP #2, K & E) to achieve a specific sand-to-sludge
ratio (see Table 6.1), and create a smoulderable mixture (Rashwan et al., 2016). For the
higher MC LAB tests (II-1-1 and II-1-2), water was added in addition to the dried sludge
and sand to reconstitute the sludge back to 75% MC following a method developed by
(Rashwan et al., 2016). For the higher MC DRUM tests (III-2 and III-3), the sludge was
collected the same day the reactor was set-up and therefore did not require any drying or
rewetting prior to treatment. A clean sand cap (~5-10 cm thick) was added on top of the
contaminant pack to lower the exiting temperatures when the smouldering front
approached the top of the reactor.
Reactors were placed on load cells (LAB: KCC150, Metler Toledo; DRUM:
KD1500, Mettler Toledo) to measure each experiment’s fuel destruction rate.
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Thermocouples (LAB: Type K, 0.0032 m diameter Omega Ltd; DRUM: 0.0064 m diameter
Kelvin Technologies) were installed along the full height of the reactors to record process
temperatures throughout each test. For the LAB tests, centreline (8 cm) and half-radius (5
cm) thermocouples were installed to better understand the temperature distribution across
the reactor which has shown to vary more significantly at smaller scales (Rashwan et al.,
2021b).
The DRUM test set-up and procedure using convective ignition is described in
detail elsewhere (Fournie et al., 2022; Rashwan, 2020; Rashwan et al., 2021c) and can be
found in Section D.3, Appendix D. The LAB test set-up and procedure using conductive
ignition follows established methods (Duchesne et al., 2020; Rashwan et al., 2016), and is
described briefly below (Figure 6.1).
The LAB reactor was ignited using a coiled resistive heater (450 W, 120 V, Watlow
Ltd.), with no air flow. When the first thermocouple reached 200°C, air was injected into
the reactor base at a Darcy flux of 5.0 cm/s – operated with a mass flux controller
(FMA5400/5500 Series, Omega Ltd.) – for the remainder of the test, until temperatures
reached ambient. Smouldering was confirmed when the first thermocouple within the fuel
pack peaked (3.5 cm from the base). The heater was then turned off and the airflow
supported the self-sustaining smouldering propagation. The end of each experiment was
identified when the smouldering front reached the end of the contaminant pack in the
reactor.
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6.2.3

Emissions and Sample Collection
For every experiment, rigorous cleaning procedures were conducted based on

(Duchesne et al., 2020). Ahead of each experiment, all glassware and tubing used for the
emissions sampling train and sample bottles were rinsed three times with deionized (DI)
water, isopropanol (CAS 67-63-0, Fisher Chemical), and methanol (CAS 67-56-1, Fisher
Chemical).
During experiments, an NDIR infrared gas analyzer measured oxygen, carbon
dioxide, and carbon monoxide data from the LAB tests every two seconds (Model:
7500ZA, Teledyne Analytical Instruments). Furthermore, two emissions sampling trains
(Figure 6.1) were utilized for the LAB tests to subsample the emissions exiting the reactor
for (1) PFAS, and (2) HF. The PFAS sampling train was adapted from (Duchesne et al.,
2020), and the HF sampling train from EPA Method 26 (2019). These methods have been
shown to effectively collect PFAS and HF in the emissions from LAB smouldering tests
(Duchesne et al., 2020). Briefly, the PFAS emissions sample was collected using a vacuum
pump (DOA-P704-AA, Gast) pulling sample at ~3 L/min. The emissions passed through
two sorption tubes containing 50 g GAC and topped with 1 – 3 g glass wool (to secure the
GAC). The sorption tubes were aligned in series to prevent breakthrough of PFAS. The HF
emissions sample was similarly collected using a vacuum pump pulling sample at ~3
L/min. The emissions from the HF train passed through 4 glass impingers (impingers 1 and
4 were empty, impingers 2 and 3 contained 15 mL of 1% H2SO4) within an ice bath (4.0
°C). The total volume of emissions sample collected from each sampling train were
quantified using flow totalizers (PFAS train: FMA6616 Series, Omega Ltd.; HF train:
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FMA4316 Series, Omega Ltd.). Leakage of ambient air into each sampling train was
quantified and minimized to <5% (see Section D.2, Appendix D for procedure).
Following emissions capture, the GAC from each sorption tube were collected in
full and stored in PFAS free polypropylene bottles (VWR®). Additional PFAS samples
included the glasswool, tubing rinse, and sorption tube rinses. The liquid from (1) the first
and second impingers, and (2) the third and fourth impingers were combined into two HF
samples. The tubing ahead of the HF emissions sampling train was rinsed using DI water
and the rinse was also collected for analysis.
Representative samples of the post-treatment material (i.e., ash mixed with sand)
were collected from three locations within the reactor, the sand cap (~38 – 48 cm from
reactor base), the top of the fuel bed (~27 – 31 cm from reactor base), and the bottom of
the fuel bed (~13 – 20 cm from reactor base) (see Section D.2, Appendix D for sample
photos). Samples were 100 – 200 g and were stored in 250 mL jars at 5°C. Since samples
collected at the top and bottom of the fuel bed had similar concentrations, these values
were averaged to approximate the concentration in the fuel bed following smouldering
treatment (herein referred to as ‘ash’). The concentrations in the sand cap were presented
separately (Section D.4, Appendix D).

6.2.4

Emissions and Solids Analyses
Solid samples were extracted with basic methanol (0.1% ammonium hydroxide

(CAS: 1336-21-6, Fisher Scientific) v/v) using 5:1 extractant-to-sample (g/g). Samples
were vortexed for 30 seconds, then placed on a shaker table at 30 RPM for 48 hours.
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Samples were then centrifuged at 4000 RPM for 10 minutes, and a sub-sample transferred
to a PFAS free HPLC vial for analysis.
All PFAS analyses were conducted by the Environmental Sciences Group at the
Royal Military College of Canada. Analysis of samples was completed following a
modified EPA 8327 method using liquid chromatography with tandem mass spectrometry
(LC-MS/MS).
Mass-labelled internal standards of PFOA, PFOS, PFHxS were added to solid
samples before extraction to examine matrix effects. Blank samples of (1) methanol, (2)
DI water, (3) sand, (4) GAC, and (5) glasswool collected during each test were analyzed
to ensure no cross-contamination during experimental procedures. Blanks included every
20 samples were analyzed and monitored to ensure no cross-contamination of samples
occurred during analysis. Duplicate samples were included to ensure reproducibility of
results.
Concentrations of 12 PFAS (TFA, PFPA, PFBA, PFBS, PFPeA, PFPeS, PFHxA,
PFHxS, PFHpA, PFHpS, PFOA, PFOS) were calculated using a seven-point calibration
curve across 0.4 ppb to 100 ppb. Internal standard recoveries were found to be between
70-120% and no correction was applied for internal standard. Two double injection blanks
(basic methanol) were run before each method blank, reagent blank, calibration curve, posttreatment sample, and experimental blanks to eliminate contamination and carry-over from
other samples. Sample duplicates within 30% relative percent difference (RPD) was
considered acceptable according to EPA Method 531.1. The instrumental detection limit
was 0.0004 ppm PFAS and the quantitation limit was 0.001 ppm PFAS.
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The HF collected in the impinger liquids were analyzed using an ion probe (HQ30dflexi, Hach). The analysis followed EPA Method 9214 (1996) and is outlined briefly here.
The probe was calibrated using standards between 0.5 – 2 mg/L (BDH Chemicals,
VWR®). Samples were prepared with 1:1 (v/v) sample-to-TISAB solution (Supelco,
Sigma Aldrich) to neutralize the sample. Samples were analyzed in triplicates and an
internal standard was run between each sample.
A combination of X-ray diffractometer (XRD) analysis and Scanning electron
microscopy with energy dispersive X-ray spectroscopy (SEM/EDX) analysis were
performed on the post-treatment ash from I-1, II-2-1, II-2-2, and III-1 tests to evaluate the
use of calcium to mineralize fluorine from the sludge. These analyses were performed by
Surface Science Western using a Rigaku SmartLab XRD, and a Hitachi SU8230 Regulus
Ultra High-Resolution Field Emission SEM. Full specifications of the instrumentation,
operating conditions, and QA/QC specifications can be found in the Section D.5, Appendix
D.
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Figure 6.1: Experimental set-up and sampling for LAB tests.
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Table 6.1: Summary of smouldering experiments

Experiment

Experimental Conditions
Moisture Sand/Sludge
Content

Results
GAC
CaO Added
Pack Air Flux Average Centreline
Concentration
Height
Peak Temperature
± S.E. a
(g GAC/kg sand) (g CaO/kg sand) (cm)
(cm/s)
(°C)

(%)
(g/g)
PHASE I: LAB Base case
I-1
0
6.5 b
b
I-2
0
6.5
b
I-3
0
6.5
PHASE II: LAB High MC and Amendments
II-1-1
75 c
4.5 d
20
c
d
II-1-2
75
4.5
30
II-2-2
0
6.5 b
5
II-2-1
0
6.5 b
10
PHASE III: DRUM
III-1
3.2
25.5 b
e
c
III-2
72.3
6.5
III-3
74.4 e
4.5 c
a
Standard error calculated as σ√n
b
Measured on a dry-mass basis
c
Moisture content of virgin sludge after drying and rehydrating
d
Measured on a wet-mass basis
e
Moisture content of virgin sludge, no drying occurred for these tests
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Smouldering
Velocity ±
S.E. a
(cm/min)

31.1
34.3
34.9

5.0
5.0
5.0

856 ± 34
737 ± 37
831 ± 41

0.44 ± 0.07
0.42 ± 0.08
0.46 ± 0.08

29.2
29.2
28.6
29.2

5.0
5.0
5.0
5.0

746 ± 21
905 ± 21
818 ± 57
824 ± 54

0.52 ± 0.13
0.50 ± 0.09
0.53 ± 0.11
0.30 ± 0.14

53.5
61.6
61.9

5.0
5.0
5.0

542 ± 7.7
473 ± 1.7
469 ± 7.8

0.34 ± 0.04
0.23 ± 0.01
0.23 ± 0.03

6.3 Results and Discussion
6.3.1

Overview of Smouldering Experiments
Smouldering destroyed more than 90% of the initial sludge biomass under all

experimental conditions, leaving <10% as residual inorganic ash in the reactor. Peak
temperatures ranged between 700 – 926 °C in LAB tests and 461 – 550 °C in DRUM tests
(Table 6.1).
Smouldering of dry sewage sludge in base case tests had an average peak centreline
temperature of 808 °C ± 65 °C and average propagation velocity of 0.44 ± 0.13 cm/min
(Table 6.1). The base case tests had the most consistent temperature distributions across
the radius of the reactor (Section D.2, Appendix D). Higher MC is a source of heat losses
that typically reduces peak temperatures in the reactor (Fournie et al., 2022; Rashwan et
al., 2021a). These heat losses were offset by the addition of 20 g/kg GAC (centreline: 746
°C ± 21 °C) and exceeded by the addition of 30g/kg GAC (centreline: 905 °C ± 21 °C)
(Phase II; Table 6.1). Both high MC/GAC tests had similar average propagation velocities
(II-1-1: 0.52 ± 0.13; II-1-2: 0.50 ± 0.09). This aligns with previous research exploring the
relationship between GAC content and smouldering temperature (Duchesne et al., 2020).
The temperature profiles, sampling times, and heating rates can be found in the Section
D.2, Appendix D for LAB tests, and Section D.3 for DRUM tests.
Addition of CaO at 5 and 10 g/kg did not alter the smouldering temperature, which
remained consistent with base case tests, but it did impact the propagation velocities (Table
6.1) and heating rates of the tests (Section D.2, Appendix D). Increasing the CaO content
in the fuel mixture reduced the propagation velocity from 0.53 ± 0.11 with 5 g CaO/kg
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sand to 0.30 ± 0.14 with 10 g CaO/kg sand. Additionally, both CaO tests had slower heating
rates than all other tests, consistently lower than 125°C/min (Section D.2, Appendix D). In
comparison, the base case and high MC/GAC tests had heating rates between 125 –
300°C/min. The lower heating rates were likely driven by physical and chemical processes.
The addition of CaO may have reduced the permeability of the fuel mixture. Reductions in
permeability have been shown to slow the propagation velocity of smouldering; however,
they should not impact the robustness of the reaction (Wang et al., 2021). Furthermore,
reactions occurring due to the addition of CaO to the system may have consumed energy
during heating and, later, fuel oxidation, and then released some energy during fluorine
mineralization. The presence of these additional processes may have slowed energy
transfer to adjacent fuel in the system resulting in decreased heating rates during these tests.
The DRUM scale tests (Phase III) had lower treatment temperatures and slower
propagation velocities than were observed in any of the LAB tests. The dry sludge DRUM
test, III-1, had average peak centreline temperatures between 534 – 550 °C (Table 6.1).
The two higher MC DRUM tests (i.e., III-2 and III-3) had average peak centreline
temperatures between 461 – 477 °C reflecting the additional energy to vaporize water
ahead of smouldering.
For the LAB tests, the average peak half-radius temperatures varied, sometimes
significantly, from the average peak centreline temperatures. These differences in
temperatures across the radius of the reactor have important implications for treating PFAS
since high temperatures (>900 °C) are required for effective degradation of these
compounds (Duchesne et al., 2020; Mahinroosta and Senevirathna, 2020). Temperature
gradients will likely not influence the removal of PFAS from the ash since it has been
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shown previously that PFAS volatilize at low temperatures, <400 °C (Crownover et al.,
2019; Winchell et al., 2021). However, temperature gradients will impact the degradation
resulting in longer chain compounds in the emissions that would still need to be treated.
The temperature differences across the reactor are likely due to a combination of
heterogeneities in the fuel mixtures and heat losses (Rashwan et al., 2021b). Smouldering
sludge at a larger scale – closer to what could be implemented at a WWTP – could
minimize these heat losses and foster more uniform temperature gradients (Rashwan et al.,
2021b), and thereby improve treatment.
Peak temperatures in the clean sand cap ranged from 434 – 661°C (Section D.2,
Appendix D). The longer smouldering tests (i.e., CaO and DRUM tests) tended to have
higher temperatures in the sand cap than the faster tests. This is likely because the sand had
a longer period of the higher temperatures and was therefore able to retain more of the heat
energy from smouldering.

6.3.2

PFAS in Virgin Sludge and Post-Treatment Ash
Figure 6.2 outlines the initial concentrations of 12 PFAS in the sewage sludge prior

to smouldering compared to the post-treatment ashes from both LAB and DRUM tests. For
all tests, there was complete removal of 3C – 8C PFAS from the ash.

6.3.2.1

LAB (Phase I and Phase II)

For all the base case and high MC/GAC tests, TFA (2C) was the primary compound
measured in the ash. Traces of PFPA (3C) were also measured in the ash from one of the
base case tests, I-2 (Section D.4, Appendix D). Increases of 120-590% TFA were measured
in the ash during the base case tests compared to what was originally present in the dried
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sludge. This increase in shorter chain compounds suggests some degradation of larger
PFAS during smouldering. There was also some retention of PFAS, primarily TFA, PFPA,
and/or PFHpS, in the sand cap during these tests due to re-condensation (Section D.4,
Appendix D). The high MC tests had the lowest relative temperatures (Section D.2,
Appendix D) and highest PFAS retentions in the sand cap. The presence of only TFA in
the sand cap of higher GAC test compared to a distribution of TFA (2C), PFPA (3C), and
PFHpS (7C) in the lower GAC test suggests that the higher temperature/energy
smouldering improved degradation of PFAS, breaking down the larger chains into smaller
compounds.
Similar to the high MC/GAC tests, both CaO tests (II-2-1 and II-2-2) only had
retention of TFA in the ash. In addition to TFA, the top sand cap from both CaO tests
contained PFCA (Section D.4, Appendix D). The top sand cap retained more PFAS than
remained in the ash by 81% for the lower CaO test (II-2-1) and 34% for the higher CaO
test (II-2-2). These results are further evidence of recondensation of PFAS in the top sand
cap.

6.3.2.2

DRUM (Phase III)

While the LAB tests had some retention of short-chained PFAS in the ash
(primarily TFA), the DRUM tests had complete removal of all PFAS from the ash (Figure
6.2). The removal was irrespective of the initial PFAS content in the sludge, which varied
between sludge batches collected for each DRUM test (Figure 6.2). The DRUM tests had
lower smouldering front propagation velocities than the LAB tests (Table 6.1). The slower
front movement means that every location was exposed to the elevated treatment
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temperatures for longer times, which likely facilitated complete removal of all PFAS from
the ash.

Figure 6.2: Content of 12 PFAS originally present in sludges and post-treatment ashes
following smouldering treatment from a) LAB Phase I: base cases and Phase II: high
MC (75%) and GAC, and CaO tests, and b) DRUM Phase III. Error bars represent
standard error of the cumulative PFAS concentration determined from replicate
samples, and base case tests from triplicate smouldering tests.
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6.3.3

PFAS in Emissions
Figure 6.3 outlines the initial contents of 12 PFAS in the sewage sludge prior to

smouldering compared to the content measured in the emissions from the LAB tests.
The emissions from the base case tests had the largest mass fractions of PFOS and
PFOA (both 8C), comprising 79 – 97% by mass. With complete removal of PFOS from
the ash, the higher content in the emissions suggests release into the emissions without
degrading. Therefore, the emissions under base case smouldering conditions would require
further treatment to collect and/or degrade the PFAS. Furthermore, since PFOA was not
originally present in the sewage sludge, its presence in the emissions is evidence of
formation during smouldering, possibly through precursors or breakdown of other
compounds not analyzed in the sludge (Zhang and Liang, 2021). Future work could explore
PFAS formation during smouldering.
Both higher MC/GAC tests had similar total PFAS in the emissions, 490 and 470
ng/g-dry sludge from II-1-1 and II-1-2, respectively, but the compounds differed. PFOS
comprised the largest mass fraction from II-1-1 at 93% while TFA comprised the largest
fraction from II-1-2 at 67%, suggesting improved degradation with higher treatment
temperatures. The lower GAC test (II-1-1) behaved similarly to the base case tests, likely
due to the similarly low temperatures achieved.
The PFAS content in the emissions from the CaO tests was lower than all other
tests by 97 – 99% by mass. The treatment temperatures observed during both CaO tests
(760 – 880 °C centreline; 670 – 810 °C half-radius) were likely sufficient to support
mineralization of fluorine from PFAS in the presence of sufficient calcium, which has
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been previously demonstrated at these temperatures (Wang et al., 2013). The primary
PFAS found in the emissions following the CaO tests was TFA. A higher mass fraction of
TFA was measured during the higher CaO test (II-2-2: 77% TFA by mass) compared to
the lower CaO test (II-2-2: 58% TFA by mass). Adding more CaO increased the fraction
of TFA in the emissions. The presence of calcium to mineralize fluorine from PFAS has
been shown to prevent the release of short and longer-chained PFAS (>3C) in emissions
(Wang et al., 2013) and reduces the production of secondary fluorinated compounds
(Riedel et al., 2021). A higher concentration of CaO (10 g CaO/kg sand) reduced the total
PFAS content in the emissions by 38% (relative to 5 g CaO/kg sand). In particular, the
PFOA formation was reduced by 24% and PFOS content by 100%.
With DRUM tests achieving treatment temperatures between 460 – 550°C (Table
6.1), we hypothesize that most of the PFAS originally present in the sludge was released
in the emissions with minimal degradation, similar to the LAB base case tests (I-1, I-2, &
I-3) and lower concentration GAC test (II-1-1). Future work could examine the PFAS
emissions by-products from smouldering sludge at larger scales and work to optimize
treatment via process changes (e.g., air flow) and amendments (e.g., GAC or CaO).
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Figure 6.3: Content of 12 PFAS in the emissions during smouldering compared to the
content originally present in the dried sludge. The content in the emissions has been
normalized to account for differences between the experiments.

192

6.3.4

Defluorination
Minimal HF was measured in the emissions during the base case tests (I-1, I-2, and

I-3) and the lower GAC test (II-2-1) (Figure 6.4). The lower relative temperatures (724 –
860 °C), slower heating rates, and lower propagation velocities likely supported release of
longer chained PFAS in the emissions (Figure 6.3) rather than destroying these compounds.
The higher GAC test (II-1-2) had the highest production of HF. This is further
evidence of improved degradation during the higher energy/temperature smouldering.
Moreover, the faster heating rates (Section D.2, Appendix D) and smouldering propagation
(Table 6.1) may reduce the time for the PFAS to volatilize ahead of being oxidized by the
smouldering front. Therefore, a faster heating rate may be favourable to improve
degradation when thermal destruction alone is used. Future work could explore the role of
heating rates on PFAS destruction via smouldering.
The CaO tests had low HF emissions and low PFAS in emissions and ash. The most
likely explanation is that some of the fluorine has mineralized with the calcium, forming
new compounds that remained in the ash. Mineral analysis was conducted (Section D.7,
Appendix D); however, the concentrations were below the instrument detection limits so
more work is needed to understand the fate of fluorine during sewage sludge smouldering.
Furthermore, future work could explore the use of a calcium amendment as an alternative
to GAC supplementation to mineralize fluorine from high MC sludge at lower treatment
temperatures (potentially as low as 400 °C (Wang et al., 2015, 2013)).

193

Figure 6.4: HF content measured in the emissions from each laboratory smouldering
experiment. The content collected from two sections of the glassware sampling train
and additionally the glassware rinse have been presented separately. The contents in
the emissions have been normalized to account for differences between the
experiments.

6.4 Conclusions
Smouldering combustion can be used to treat PFAS effectively in high moisture
content (MC) sewage sludge with complete removal of PFAS compounds 4C – 8C. The
most effective treatment of PFAS-laden sewage sludge involved the use of calcium oxide
(CaO) to sequester fluorine in the resulting ash. An addition of 5 – 10 mg CaO per kg of
dried sludge ahead of smouldering treatment achieved complete removal of PFAS 4C – 8C
without significant PFAS or HF release in emissions. In contrast, smouldering of sludge
bulked with only sand volatilized most of the PFAS, where some PFAS recondensed
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downstream in cooler regions in the reactor and the rest released via emissions.
Supplementing the sludge and sand mixture with higher calorific value fuel (i.e., 30 g GAC
/ kg sand) increased the energy content of the system, which fostered ~900 °C peak
temperatures and improved PFAS degradation. Other high calorific value fuels such as
wood chips could achieve these conditions. While higher energy smouldering supports
thermal degradation of PFAS, it also generates HF emissions, which require further
treatment. In contrast, CaO addition achieved similar PFAS 4C – 8C degradation at
temperatures between 670 – 880 °C, which were lower than required to degrade PFAS by
other thermal treatments and avoided HF production. Using a calcium amendment had the
dual benefits of removing PFAS without producing other hazardous emission by-products.
Future work should investigate the long-term stability of fluorine sequestered in ash
produced by smouldering treatment of PFAS-laden sewage sludge with calcium
amendments, and the use of calcium amendments to treat high MC sludges.
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Chapter 7

7

Conclusions

7.1 Summary
The goal of this research was to explore potential benefits from smouldering
sewage sludge, while also understanding and minimizing any potential harmful byproducts from the process. Smouldering experiments were performed under various test
conditions at laboratory and oil-drum reactor scales. Emissions capture and analysis of the
post-treatment ash was used to understand the behaviour of elements of value and
potentially harmful by-products, and the conditions under which they are formed and/or
released.
The first study compared the commonly used Hedley fractionation method to the
USEPA LEAF pH-dependent, parallel batch tests (Method 1313) and dynamic leaching
column test (Method 1314) to assess the bioavailability of phosphorus. The three methods
were applied to wastewater treatment plant sludge before and after thermal treatment. Both
methods revealed similar qualitative trends, namely that thermal treatment of the sludge
changes phosphorus minerals into forms that are more strongly bound to the solid surfaces.
Therefore, phosphorus is less likely to leach from the incinerated ash in the short term,
providing a more regulated source of gradual inorganic phosphorus with less potential
harm to downstream water bodies. However, the Hedley and LEAF methods were
inconsistent in the forms and amounts of available phosphorus recovered from the solids.
The Hedley method left 40% of phosphorus unextracted from sludge and 20% from
incinerated ash, suggesting that it may be less appropriate for organic materials. Moreover,
only 2 of the 6 Hedley phosphorus pools were within environmentally relevant pH
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conditions (compared to 5 of 9 samples for LEAF Method 1313 and all samples for LEAF
Method 1314). Furthermore, the Hedley method overpredicted the readily available
phosphorus. In contrast, the LEAF methods allowed for a more detailed analysis of
phosphorus availability - while simultaneously assessing PTEs - across a controlled pH
range. Moreover, LEAF used simpler procedures and provided more easily interpreted
results. Thus, LEAF facilitates more robust and valuable assessment of organic and
inorganic solids being considered for land application.
After determining that USEPA LEAF methods were superior for analyzing
phosphorus and PTEs in organic sludges and inorganic ashes, the next study applied these
methods to understand the recovery and land application potential of smouldered sewage
sludge ash. Compared to the parent sludge, post-treatment ash from smouldering sludge
with sand contained higher quantities of inorganic phosphorus in sorbed and mineral
phases, which can provide beneficial slow phosphorus release to plants and avoid early
phosphorus washout during land application. Furthermore, land application of ash is more
favourable than sludge since it reduces co-dissolution of 6 of 8 commonly regulated PTEs.
As an alternative to land application, approximately 42% of retained phosphorus can be
recovered directly using acidic extraction, and an additional 30% from emissions. Since
sand provided an important sink for phosphorus, mechanical separation and washing at low
L/S should be applied to recover this additional phosphorus from the large sand mass. In
contrast, co-smouldering sludge with woodchips was more suited for direct recovery with
78% of phosphorus potentially recoverable via emissions capture and yield increasing to
99% with acidic extraction of resulting ash (21% phosphorus at pH 2). Further separation
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of phosphorus and PTEs would still be required from the emissions stream which contained
>70% of PTEs originally present in the parent sludge.
With all of the potential benefits from smouldering treatment of sewage sludge,
there are also potential hazards that needed to be evaluated and addressed. This question
was explored in two studies, the first assessing PCDD/Fs and PTEs, and the second
analyzing PFAS. Both studies included smouldering tests at the LAB (0.08 m radius) and
DRUM (0.3 m radius) reactor scales. These tests were evaluated for key compounds of
interest – PCDD/Fs, PTEs, and PFAS – before and after treatment as well as in process
emissions. VOCs were also measured. The first study found negligible PCDD/Fs in process
emissions during robust smouldering and low levels of PCDD/Fs (45 – 48 pg TEQ /m3)
during weak smouldering, which were comparable to the PCDD/Fs typically released by
incineration. Moreover, due to recondensation ahead of smouldering, PCDD/Fs may
release at concentrations comparable to incineration systems when the smouldering front
reaches the end of the fuel bed. Overall, smouldering acts as a sink for PCDD/Fs, releasing
0 – 3% of the originally present compounds and destroying >99% of the remainder. In
addition, 94-100% of all the PTEs analyzed were retained in the post-treatment material
following smouldering treatment, i.e., not released in the emissions, and minimal VOCs
were measured in the emissions.
The final study explored the use of smouldering combustion to treat PFAS that
accumulates in sewage sludge. Base case experiments were performed at the LAB scale.
Iterations on these base case tests aimed at making the experimental conditions closer to
requirements for industrial application (e.g., high MC sludge, larger reactor scale) and
improve fluorine mineralization via a calcium amendment. Pre-treatment sludge and post203

treatment ash and sand samples from all tests were analyzed for 12 PFAS (2C-8C).
Additional emissions samples were collected from all LAB tests and analyzed for 12 PFAS
and additionally hydrogen fluoride. The results from this study demonstrated that
smouldering completely removed all PFAS >3C from the post-treatment ash under all LAB
conditions. While PFOS and PFOA were completely removed from the ash during the base
case tests, 79-94% of the total PFAS that are measured in the emissions are PFOS and
PFOA. This suggests that some of these compounds are being volatilized without
degrading. Reaching temperatures of ~900°C while smouldering high MC sludge was
demonstrated by supplementing with 30 g GAC/kg sand. These elevated temperatures
improved PFAS degradation, releasing primarily shorter chain compounds in the emissions
(67% TFA (2C) by mass) compared to primarily PFOS (93% by mass) when treatment
temperatures were <800°C (i.e., 20 g GAC/kg sand was used). The PFAS content in the
emissions from the CaO tests were lower than all other tests by 97 – 99% by mass. With
minimal PFAS in the ash and also minimal HF production, it is likely that the fluorine from
the PFAS reacted with CaO and mineralized in the ash. Compared to the LAB tests,
smouldering at the DRUM scale effectively removed all PFAS from the ash.

7.2 Implications
In terms of emissions by-products, consistently low PCDD/F release highlights a
strong benefit of smouldering combustion: the release of condensable compounds does not
seem significantly influenced by system scale changes. This finding is important for
emerging industrial smouldering applications. Furthermore, low PTE, VOC, and PCDD/F
release (near the allowable limit for stack emissions) indicates that minimal emissions
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treatment is necessary, thereby simplifying industrial application of smouldering treatment
for sewage sludge.
The results from the PFAS study demonstrated that it is possible to smoulder 75%
MC sewage sludge at sufficiently high temperatures (~900°C) to achieve the thermal
destruction of PFAS. Since dewatering sludge is an energy intensive and expensive
component of sludge management, reducing this requirement while still degrading
contaminants in the sludge is essential.
Smouldering sewage sludge at the DRUM scale was shown to completely remove
all PFAS from the ash. This is important when considering industrial application of
smouldering for sewage sludge management. However, under the DRUM conditions
assessed, the PFAS did not degrade significantly, but rather volatilized the compounds
resulting in emissions that would need further treatment.
Smouldering enables phosphorus recovery from wastewater treatment sludge in
several potentially beneficial forms. The best opportunity to create a valuable soil
amendment with sufficient phosphorus available to plants in the longer term is smouldering
with sand. Co-smouldering sewage sludge with another organic waste is an important
alternative to the use of sand to create a porous matrix. Not only does co-smouldering treat
multiple waste streams, but it also produces a single post-treatment ash and can be operated
continuously, which aligns with current incinerator configurations at wastewater treatment
plants and makes adaptation highly feasible. Furthermore, since co-smouldering can
increase the treatment temperature, it could be a most cost-effective method of degrading
contaminants in sewage sludge that require higher energy combustion, e.g., PFAS.
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This research has demonstrated the value of the USEPA LEAF Methods in
understanding phosphorus availability and leaching of PTEs from materials such as sewage
sludge before and after thermal treatment. This information is essential for assessing
material reuse and land application options. Moreover, relative to sequential fractionation
methods (e.g., Hedley), LEAF facilitates more robust and valuable assessment of organic
and inorganic solids and is a promising tool for evaluating land application potential.
Overall, industrial application of smouldering treatment for sewage sludge may be
simpler than other thermal treatment methods due to reduced emissions treatment
requirements, especially for PTEs, VOCs, and PCDD/Fs. Smouldering also presents
unique opportunities for PFAS management, where larger scale reactors fully remove these
compounds from the sewage sludge and amendments improve overall degradation. Finally,
with phosphorus reuse potential for land application and direct recovery, smouldering
sewage sludge creates an important opportunity for a phosphorus circular economy as part
of wastewater treatment sludge management.

7.3 Recommendations for Future Work
Although this research advances the understanding of both the beneficial and
potentially

harmful

by-products

from

smouldering

sewage

sludge,

several

recommendations have been presented for future work in these areas:
› This research attempted to understand the mineral phases formed with calcium and
fluorine in the ash when a calcium amendment is added to sewage sludge. With
concentrations of fluorine and fluorine containing compounds too low in the ash to
be detected, the question of the fate of fluorine during sewage sludge smouldering
is still largely unknown. Future work could seek to address this question.
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› While this work demonstrated that significant PFAS degradation from high MC
sludge is possible when supplemented with an additional fuel source (e.g., GAC),
future work should investigate the use of a calcium amendments as an alternative
to GAC supplementation for treating PFAS in high MC sludge.
› Future work could apply the LEAF methods to examine PFAS mobility from sludge
and ash to better understand the risks associated with land application of these
materials as soil amendments.
› Future work could examine the PFAS emissions by-products from smouldering
sludge at larger scales and work to optimize treatment via amendments and process
changes.
› Further research linking PCDD/F release to operating conditions may facilitate the
ability to selectively apply emissions management measures as needed, instead of
continuously during operation.
› PCDD/F formation may be possible from heterogeneous pathways in smouldering,
much like incineration; however, more work needs to be done to fully understand
the mechanisms governing the risks of PCDD/F formation in smouldering systems.
› While the extraction potential of phosphorus and other PTEs was explored in this
research, this is only a first step towards recovery. Future work could explore
methods of recovering the elements from the extractant solution into useful/useable
forms.
› While emissions recovery was not rigorously quantified in this research, it is an
important source of recoverable phosphorus that should be explored in future work
on smouldering systems.
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› Future work involving plant growth studies and multiple growth cycles may be
beneficial to (1) optimize amounts of ash required to support plant growth and (2)
determine the phosphorus flux from ash.
› Incorporating mineralogy into phosphorus analyses has the potential to improve our
interpretation and understanding of these results. This work provides important
groundwork for future research exploring phosphorus mineralogy of organic waste
streams (including sewage sludge) and transformations brought about by thermal
treatment.
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Appendices
Appendix A: Supplementary Material for “USEPA LEAF methods for
characterizing phosphorus and potentially toxic elements in raw and
thermally treated sewage sludge”
A.1: Total Elemental Concentrations
Table A.1- 1: Total Amounts of 13 Potentially Toxic Elements
Element
Sludge

Concentration ± SE a
Incinerated Ash

(mg/kg-dry sludge)
Al
Cd
Co
Cr
Cu
Fe
Mg
Mn
Mo
Ni
P
Pb
Zn
a
b

11000
3
6
120
570
75000
6000
480
22
49
46000
90
1100

(mg/kg-dry ash)

± 320
± 0.1
± 0.6
±2
± 14
± 3100
± 180
± 17
± 0.1
±3
± 1200
± 22
± 28

Standard error calculated as

28000
3
17
240
1500
73000
18000
1200
35
120
93000
230
3000

± 280
± 0.1
± 0.4
±4
± 20
± 3800
± 420
±6
± 0.3
±2
± 840
± 52
± 58

(mg/kg-dry
sludge) b
7000 ± 70
0.8 ± 0.02
4 ± 0.1
60 ± 0.9
370 ± 5
18000 ± 960
4600 ± 100
290 ± 2
9 ± 0.1
30 ± 0.4
23000 ± 210
57 ± 13
750 ± 15

Regulatory standard
O. Reg. 338: NASM
CM1
(mg/kg-dry mass)
3
34
210
100

5
62
150
500

𝜎
√𝑛

A 25% ash content on a dry-mass basis of the sludge was used based on the results of
the proximate analysis (see section 2.1)
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A.2: Additional LEAF PTE results normalized per kg dry sludge

Figure A.2- 1: pH-dependent release of Al, Fe, Mg, and Mn following USEPA
Method 1313 with values normalized per kg of dry sludge.

210

Figure A.2- 2: USEPA Method 1314 cumulative release of 8 PTEs of concern from
O. Reg. 338 CM1 NASM for both sludge and incinerated ash. Values have been
normalized per kg of dry sludge.
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Figure A.2- 3: USEPA Method 1314 cumulative release of Al, Fe, Mg, and Mn
normalized per kg of dry sludge.
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A.3: All LEAF results per kg dry matter

Figure A.3- 1: pH-dependent leaching curves for 8 PTEs of concern from O. Reg.
338 CM1 NASM for both sludge and incinerated ash, following USEPA Method
1313 per kg dry matter.
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Figure A.3- 2: pH-dependent release of Al, Fe, Mg, and Mn following USEPA
Method 1313 per kg dry matter.
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Figure A.3- 3: The USEPA method 1314 column percolation experiments for sludge (orange) and incinerated ash (grey). The
concentrations of released phosphorus are shown in mg of phosphorus per kg dry matter. The darker solid lines and lighter
broken lines show total- and inorganic-P release, respectively. The pH changes over the column leaching experiment are plotted
as dotted lines on the secondary y-axis.
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Figure A.3- 4: USEPA Method 1314 cumulative release of 8 PTEs of concern from
O. Reg. 338 CM1 NASM for both sludge and incinerated ash.
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Figure A.3- 5: USEPA Method 1314 cumulative release of Al, Fe, Mg, and Mn per
kg dry matter.
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Appendix B: Supplementary Material for “Phosphorus Recovery and
Reuse Potential from Smouldered Sewage Sludge Ash”
B.1: Supplementary Information on Drum Reactor Experiments

Figure B.1- 1: Schematic of smouldering reactor set-up.
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Loading Procedure
The sludge/sand tests consisted of sludge as the fuel embedded in coarse silica sand as the
porous media. The co-smouldering tests had a fuel mixture of sludge and woodchips, where
the woodchips dually acted as the porous media. The experimental set-ups followed the
same procedures for both tests, except for two minor differences for the co-smouldering
test. An additional layer of coarse silica sand was added to the base of the reactor, 0.6-2.5
cm thick, to provide insulation between the hot smouldering mixture and the supporting
screen. A subsequent layer of woodchips, 1-2 cm thick, was added above the clean sand
layer to assist with ignition. Moreover, a clean sand cap was added on top of the
sludge/sand pack to lower the exiting temperature for safety purposes.
The sludge mixture was loaded in small batches that were gently lowered to the base of the
reactor. Furthermore, to achieve a more uniform density of mixture, while still ensuring
material homogeneity, the surface was leveled instead of tamped.
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Figure B.1- 2: Temperature profile for the sludge-sand experiment, a self-sustaining
smouldering experiment with a 3.81% moisture content sludge in a fixed bed with
25.5 g/g sand/sludge mass ratio. Plenum, centreline, and wall thermocouples are
presented. Note the air flux was changed at 190, 238, 288, 290, and 296 minutes.

Figure B.1- 3: Temperature profile for the sludge-woodchips experiment, a selfsustaining smouldering experiment with a 75% moisture content sludge in a fixed bed
with 0.4/0.3/1 g/g/g woodchips/extra water/sludge mass ratio. Plenum, centreline, and
wall thermocouples are presented. Note the air flux was changed at 112 minutes.
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B.2: Supplementary Information on Material Characterization and Mass Balances
Table B.2- 1: Total elemental concentrations
Element

Al
Cd
Co
Cr
Cu
Fe
Mg
Mn
Mo
Ni
P
Pb
Zn
a
b

Sludge

Woodchips

5400 ± 300
2.6 ± 0.2
3.8 ± 0.3
120 ± 10
480 ± 40
53000 ± 5000
4200 ± 400
260 ± 30
22 ± 2
47 ± 6
26000 ± 3000
110 ± 10
630 ± 90

1100 ± 400
0.3 ± 0.4
0.4 ± 0.4
34 ± 2
16 ± 4
2100 ± 600
1600 ± 300
200 ± 40
1.4 ± 0.6
13 ± 2
480 ± 90
70 ± 10
64 ± 30

Standard error calculated as

Concentration (mg/kg-dry virgin material) ± SE
Sludge
Sludge/Woodchip
Ash b
Ash c
7300 ± 1000
480 ± 90
1.1 ± 0.8
0.2 ± 0.1
3.2 ± 1
0.55 ± 0.3
90 ± 40
11 ± 2
840 ± 400
57 ± 7
31000 ± 20000
3600 ± 1000
5000 ± 1000
850 ± 90
390 ± 50
65 ± 9
15 ± 2
1.2 ± 0.3
49 ± 10
5.1 ± 1
24000 ± 6000
2600 ± 20
62 ± 60
6.1 ± 4
780 ± 500
70 ± 10

a

Woodchip
Ash d
370 ± 600
0.15 ± 0.05
0.31 ± 0.3
10 ± 10
8.7 ± 8
620 ± 800
450 ± 500
76 ± 30
0.57 ± 1
3.1 ± 4
150 ± 20
10 ± 4
23 ± 7

Sand e
8000 ± 100
1.6 ± 0.01
4 ± 0.01
110 ± 0.7
93 ± 2
16000 ± 200
980 ± 13
110 ± 1
50 ± 0.3
45 ± 0.2
7700 ± 50
220 ± 0.2
210 ± 3

𝜎
√𝑛

The sludge ash is considered all materials from smouldering experiments of sand mixed with sludge finer than 0.250 mm (< #60
sieve)
c
The post-treatment ash from smouldering experiments consisting of sludge mixed with woodchips
d
Woodchips ash generated in the lab according to ASTM-D2866-11
e
The sand is considered all materials from smouldering experiments of sand mixed with sludge coarser than 0.250 mm (> #60 sieve)
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Table B.2- 2: Mass balance of sludge and sand experiment
Total Elemental Contents a ± SE * (mg)

Element
Sludge
Al

b

67000 ± 22000

Ash d
27000 ± 2200

Sum PostTreatment e

Sand c

Ash d

Sum PostTreatment e

Emissions e

94000 ± 22000

150 ± 15

62 ± 6

212 ± 16

0 ± 16

Cd

21 ± 1.7

13 ± 2.2

5 ± 2.3

18 ± 3.2

62 ± 27

25 ± 11

87 ± 29

13 ± 29

Co

31 ± 2.5

34 ± 2.2

13 ± 2.3

47 ± 3.2

107 ± 21

42 ± 8

149 ± 22

0 ± 22

Cr

1000 ± 83

930 ± 150

320 ± 81

1300 ± 170

91 ± 24

31 ± 8

122 ± 26

0 ± 26

Cu

4000 ± 330

780 ± 450

2300 ± 600

3100 ± 750

20 ± 5

58 ± 16

77 ± 17

33 ± 17

31 ± 12

29 ± 11

60 ± 16

40 ± 16
26 ± 8

Fe

a

45000 ± 2500

Sand c

Total Mass in Fraction b ± SE * (%)

440000 ± 42000 140000 ± 44000 130000 ± 45000 260000 ± 63000

Mg

35000 ± 3300

8100 ± 2900

18000 ± 2000

26000 ± 3500

23 ± 3

51 ± 8

74 ± 8

Mn

2200 ± 250

910 ± 220

1300 ± 98

2300 ± 240

42 ± 6

62 ± 9

105 ± 10

Mo

180 ± 17

41 ± 66

51 ± 3.9

92 ± 66

23 ± 3

29 ± 3

52 ± 4

Ni

390 ± 50

370 ± 44

170 ± 19

540 ± 48

95 ± 16

43 ± 7

137 ± 18

P

210000 ± 25000

63000 ± 11000

30 ± 5

39 ± 7

69 ± 9

Pb

920 ± 83

1900 ± 48

240 ± 130

2100 ± 140

200 ± 109

26 ± 14

226 ± 110

0 ± 110

Zn

5200 ± 740

1700 ± 660

3100 ± 1200

4900 ± 1300

33 ± 13

60 ± 24

93 ± 27

7 ± 27

83000 ± 12000 150000 ± 16000

0 ± 10
48 ± 4
0 ± 18
31 ± 9

𝑚𝑔

Calculated as (𝑒𝑙𝑒𝑚𝑒𝑛𝑡𝑎𝑙 𝑐𝑜𝑛𝑐𝑒𝑛𝑡𝑟𝑎𝑡𝑖𝑜𝑛 [ 𝑘𝑔 − 𝑑𝑟𝑦 𝑚𝑎𝑡𝑡𝑒𝑟]) × (𝑚𝑎𝑠𝑠 𝑜𝑓 𝑓𝑟𝑎𝑐𝑡𝑖𝑜𝑛 𝑖𝑛 𝑟𝑒𝑎𝑐𝑡𝑜𝑟 [𝑘𝑔 − 𝑑𝑟𝑦 𝑚𝑎𝑡𝑡𝑒𝑟])

Calculated as (𝑒𝑙𝑒𝑚𝑒𝑛𝑡𝑎𝑙 𝑐𝑜𝑛𝑡𝑒𝑛𝑡[𝑚𝑔]) ÷ (𝑒𝑙𝑒𝑚𝑒𝑛𝑡𝑎𝑙 𝑐𝑜𝑛𝑡𝑒𝑛𝑡 𝑖𝑛 𝑣𝑖𝑟𝑔𝑖𝑛 𝑚𝑎𝑡𝑒𝑟𝑖𝑎𝑙 [𝑚𝑔]) × 100%
The sand is considered all materials from smouldering experiments of sand mixed with sludge coarser than 0.250 mm (> #60 sieve)
d
The sludge ash is considered all materials from smouldering experiments of sand mixed with sludge finer than 0.250 mm (< #60
sieve)
e
Calculated as (𝑒𝑙𝑒𝑚𝑒𝑛𝑡𝑎𝑙 𝑐𝑜𝑛𝑡𝑒𝑛𝑡[𝑚𝑔])𝑠𝑎𝑛𝑑 + (𝑒𝑙𝑒𝑚𝑒𝑛𝑡𝑎𝑙 𝑐𝑜𝑛𝑐𝑡𝑒𝑛𝑡[𝑚𝑔])𝑎𝑠ℎ
* The standard error was calculated from the uncertainties from each calculation added in quadrature
c
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Table B.2- 3: Mass Balance of the Sludge-Woodchips Smouldering Experiment
Total Elemental Contents ± SE (mg) a

Element

Virgin Materials

Al
Cd
Co
Cr
Cu
Fe
Mg
Mn
Mo
Ni
P
Pb
Zn
a
b

Sludge

Woodchips

53600 ± 3000
26 ± 2
38 ± 3
1200 ± 100
4800 ± 400
527000 ± 50000
42000 ± 4000
2600 ± 300
220 ± 20
470 ± 60
258000 ± 30000
1100 ± 100
6300 ± 900

16300 ± 6200
4.0 ± 3
5.8 ± 5
480 ± 30
220 ± 60
30600 ± 8300
23300 ± 4200
2900 ± 500
20 ± 20
180 ± 30
6900 ± 1300
990 ± 140
910 ± 340

Mixed Ashes b *
Theoretical
Actual e
Maximum d
70000 ± 6900
30 ± 5
44 ± 6
1700 ± 100
5000 ± 400
557000 ± 50000
65000 ± 6000
5400 ± 600
240 ± 50
650 ± 70
265000 ± 30000
2100 ± 200
7200 ± 1000

Elemental Retention (%) c *
Sludge Only f

10600 ± 400
4.4 ± 0.5
12 ± 2
240 ± 8
1300 ± 30
80200 ± 4200
18700 ± 400
1400 ± 40
27 ± 1
110 ± 3
57300 ± 100
140 ± 18
1600 ± 60

20
17
32
19
27
15
45
56
12
24
22
12
25

± 1.3
± 2.2
± 4.7
± 1.7
± 2.3
± 1.6
± 4.4
± 6.6
± 1.3
± 3.1
± 2.6
± 2.0
± 3.7

Mixed Ash g
15
15
28
14
25
14
29
27
11
17
22
6
22

± 1.6
± 3.1
± 5.1
± 0.9
± 2.1
± 1.5
± 2.6
± 3.0
± 2.7
± 1.8
± 2.4
± 1.0
± 3.0

𝑚𝑔

Calculated as (𝑒𝑙𝑒𝑚𝑒𝑛𝑡𝑎𝑙 𝑐𝑜𝑛𝑐𝑒𝑛𝑡𝑟𝑎𝑡𝑖𝑜𝑛 [ 𝑘𝑔 − 𝑑𝑟𝑦 𝑚𝑎𝑡𝑡𝑒𝑟]) × (𝑚𝑎𝑠𝑠 𝑎𝑑𝑑𝑒𝑑 𝑡𝑜 𝑟𝑒𝑎𝑐𝑡𝑜𝑟 [𝑘𝑔 − 𝑑𝑟𝑦 𝑚𝑎𝑡𝑡𝑒𝑟])

Combined ashes from smouldering treatment of sludge mixed with woodchips
Calculated as ((𝑎𝑐𝑡𝑢𝑎𝑙 𝑒𝑙𝑒𝑚𝑒𝑛𝑡𝑎𝑙 𝑐𝑜𝑛𝑡𝑒𝑛𝑡[𝑚𝑔 𝑒𝑙𝑒𝑚𝑒𝑛𝑡]) ÷ (𝑡ℎ𝑒𝑜𝑟𝑒𝑡𝑖𝑐𝑎𝑙 𝑚𝑎𝑥𝑖𝑚𝑢𝑚 𝑒𝑙𝑒𝑚𝑒𝑛𝑡𝑎𝑙 𝑐𝑜𝑛𝑡𝑒𝑛𝑡 [𝑚𝑔 𝑒𝑙𝑒𝑚𝑒𝑛𝑡])) ×
100%
d
Assuming no losses, calculated as the sum of the contents in the virgin sludge and woodchips
𝑚𝑔
e
Calculated as (𝑒𝑙𝑒𝑚𝑒𝑛𝑡𝑎𝑙 𝑐𝑜𝑛𝑐𝑒𝑛𝑡𝑟𝑎𝑡𝑖𝑜𝑛 [ 𝑘𝑔 − 𝑎𝑠ℎ]) × (𝑚𝑎𝑠𝑠 𝑜𝑓 𝑎𝑠ℎ 𝑟𝑒𝑚𝑎𝑖𝑛𝑖𝑛𝑔 𝑖𝑛 𝑟𝑒𝑎𝑐𝑡𝑜𝑟 [𝑘𝑔 − 𝑎𝑠ℎ])
c

f

Elemental retention considering only contribution of the sludge to the post-treatment ash
Elemental retention considering both the contribution of the woodchips and the sludge
* The standard error was calculated from the uncertainties from each calculation added in quadrature
g
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B.3: Supplementary Information on Leaching Tests and Extraction Potentials

Figure B.3- 1: Total phosphorus release as a function of the log of the cumulative
liquid-to-solids ratio with the available content of the materials from USEPA Method
1313 at native pH plotted at an L/S of 10 mL/g-dry. A dotted line with a slope of 1 has
been added to each plot.
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Figure B.3- 2: pH changes observed during the column percolation experimental
(following USEPA Method 1314). The results are presented for sludge and posttreatment ash and sand as a function of the liquid-to-solids ratio.
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Figure B.3- 3: column percolation experimental results (following USEPA Method
1314) for 6 common potentially toxic elements from the virgin sludge and posttreatment ash and sand. The elemental release is shown as cumulative release as a
function of the liquid-to-solid ratio. The values have been normalized to mg of element
per kg of dry sludge. The available content of the materials from USEPA Method
1313 at native pH has been plotted at an L/S of 10 mL/g – dry. A dotted line with a
slope of 1 has been added to each plot.
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Figure B.3- 4: pH-dependent leaching (following USEPA Method 1313) of 4 other
elements of interest from the virgin sludge compared to the post-treatment ash and
sand. All values have been normalized to mg of P per kg of dry material.

Figure B.3- 5: Available and total phosphorus contents within the pre- and posttreatment materials from sludge-sand and mixed sludge-woodchips smouldering
experiments. Virgin woodchips are denoted as ‘WC’, ‘S/S’ is sieved ash from sludgesand smouldering experiments, and ‘S/WC’ is ash from mixed sludge-woodchips
smouldering.
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Figure B.3- 6: Available and total contents of 8 potentially toxic elements within the
pre- and post-treatment materials from sludge-sand and mixed sludge-woodchips
smouldering experiments. Virgin woodchips are denoted as ‘WC’, ‘S/S’ is sieved ash
from sludge-sand smouldering experiments, and ‘S/WC’ is ash from mixed sludgewoodchips smouldering.
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Figure B.3- 7: Available and total contents of aluminum, iron, magnesium, and
manganese within the pre- and post-treatment materials from sludge-sand and mixed
sludge-woodchips smouldering experiments. Virgin woodchips are denoted as ‘WC’,
‘S/S’ is sieved ash from sludge-sand smouldering experiments, and ‘S/WC’ is ash
from mixed sludge-woodchips smouldering.
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Table B.3- 1: Extraction Potential Normalized to Sludge Content
Maximum Recoverable Content (mg of element/kg of dry sludge) ± SEa

Element
Water b

a
b

pH 2 c

pH 13 c

Sludge

Sand + Ash d

Sludge

Sand + Ash d

Sludge

Sand + Ash d

Al

3 ± 0.3

16 ± 7

320 ± 32

2600 ± 810

4900 ± 490

1600 ± 550

Cd

0.03 ± 0.004

0.1 ± 0.04

0.3 ± 0.04

0.4 ± 0.1

0.7 ± 0.1

0.05 ± 0.01

Co

0.6 ± 0.08

0.04 ± 0.03

2 ± 0.3

1.2 ± 0.3

1.5 ± 0.2

0.06 ± 0.05

Cr

0.3 ± 0.04

2 ± 0.6

1.6 ± 0.2

14 ± 5

7.5 ± 1

2.9 ± 0.8

Cu

10 ± 1

12 ± 9

21 ± 2

270 ± 120

67 ± 8

50 ± 35

Fe

21 ± 3

66 ± 28

900 ± 130

12000 ± 3500

2000 ± 290

57 ± 22

Mg

210 ± 30

870 ± 290

920 ± 130

2800 ± 1100

92 ± 13

16 ± 6

Mn

5±1

2.6 ± 0.8

71 ± 10

180 ± 77

15 ± 2

0.9 ± 0.3

Mo

0.2 ± 0.04

1.4 ± 0.8

0.09 ± 0.02

0.9 ± 0.4

2.4 ± 0.5

3.8 ± 2

Ni

4±1

0.5 ± 0.1

6±1

7.5 ± 4

6±1

1.5 ± 0.5

P

160 ± 25

500 ± 97

1400 ± 210

12000 ± 2800

19000 ± 2900

5500 ± 1100

Pb

0.2 ± 0.07

0.8 ± 0.4

0.8 ± 0.2

19 ± 9

9.4 ± 3

0.5 ± 0.1

Zn

13 ± 3

2.7 ± 0.7

330 ± 63

150 ± 50

120 ± 23

5±1

Standard error calculated as

𝜎
√𝑛

Recovery at native pH where samples were mixed with only deionized water (pH 6 for sludge, 7 for sand, and 8 for post-treatment
ash)
c
The actual sample pH values are within ± 0.5 pH units of the specified value
d
Combined post-treatment materials (i.e., coarse-grained quartz sand and smouldered ash)
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Table B.3- 2: Extraction Potential from Sand Mixed with Post-Treatment Ash
Percentage of total content in dry material ± SEa

Element

a
b

Water b

pH 2 c

Al

0.2 ± 0.1%

29 ± 11%

18 ± 7%

Cd

6.9 ± 2.1%

18 ± 5%

2.7 ± 0.7%

Co

1.1 ± 0.9%

34 ± 9%

1.7 ± 1.3%

Cr

1.8 ± 0.6%

13 ± 4%

2.6 ± 0.8%

Cu

2.4 ± 1.8%

54 ± 25%

10 ± 7%

Fe

0.2 ± 0.1%

35 ± 11%

0.2 ± 0.1%

Mg

22 ± 8%

71 ± 28%

0.4 ± 0.2%

Mn

1.1 ± 0.4%

72 ± 33%

0.4 ± 0.1%

Mo

13 ± 7%

7.9 ± 4%

34 ± 21%

Ni

1.3 ± 0.3%

27 ± 11%

3.5 ± 1.4%

P

0.1 ± 0.01%

55 ± 14%

25 ± 6%

Pb

1.3 ± 0.5%

35 ± 16%

4.1 ± 0.5%

Zn

0.4 ± 0.1%

20 ± 7%

0.6 ± 0.2%

Standard error calculated as

pH 13 c

𝜎
√𝑛

Recovery at native pH where samples were mixed with only deionized water (pH 6 for
sludge, 7 for sand, and 8 for post-treatment ash)
c
The actual sample pH values are within ± 0.5 pH units of the specified value
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Table B.3- 3: Recovery Potential from Mixed Sludge-Woodchips Ash
Element

Elemental Retention a ± SE *
(%)
Mixed Ash d

Emissions e

Al

15 ± 1.6

Cd

Maximum Recoverable Content b ± SE *
(mg/kg – dry starting material)

Recovery Potential c ± SE *
(%)

pH 2

pH 13

85 ± 1.6

82 ± 7.4

110 ± 8.5

2.5 ± 2.3

3.3 ± 0.4

15 ± 3.1

85 ± 3.1

0.2 ± 0.04

0.01 ± 0.0

12 ± 3.0

0.9 ±0.1

Co

28 ± 5.1

72 ± 5.1

0.3 ± 0.02

0.03 ± 0.0

14 ± 2.2

1.6 ±0.2

Cr

14 ± 0.9

86 ± 0.9

1.1 ± 0.82

0.19 ± 0.0

1.3 ± 1.0

0.2 ± 0.0

Cu

25 ± 2.1

75 ± 2.1

28 ± 9.8

0.09 ± 0.06

12 ± 4.2

0.0 ± 0.0

Fe

14 ± 1.5

86 ± 1.5

220 ± 220

0.32 ± 0.04

0.8 ± 0.8

0.0 ± 0.0

Mg

29 ± 2.6

71 ± 2.6

980 ± 170

0.02 ± 0.00

32 ± 6.2

0.0 ± 0.0

Mn

27 ± 3.0

73 ± 3.0

79 ± 19

0.01 ± 0.00

31 ± 8.1

0.0 ± 0.0

Mo

11 ± 2.7

89 ± 2.7

0.4 ± 0.34

1.40 ± 0.14

3.9 ± 3.1

12 ± 2.2

Ni

17 ± 1.8

83 ± 1.8

1.7 ± 0.36

0.04 ± 0.01

5.5 ± 1.3

0.1 ± 0.0

P

22 ± 2.4

78 ± 2.4

2700 ± 1800

240 ± 15

21 ± 14.3

1.9 ± 0.2

Pb

6 ± 1.0

94 ± 1.0

6.6 ± 1.1

0.2 ± 0.06

6.6 ± 1.2

0.2 ± 0.1

Zn

22 ± 3.0

78 ± 3.0

83 ± 34

1.4 ± 0.30

24 ± 10.5

0.4 ± 0.1

a

pH 2

pH 13

Elemental retention of the mixed sludge and woodchips ash determined in Table S2-3
Available elemental content determined from USEPA Method 1313
c
Calculated as ((𝑒𝑙𝑒𝑚𝑒𝑛𝑡𝑎𝑙 𝑐𝑜𝑛𝑡𝑒𝑛𝑡[𝑚𝑔 𝑒𝑙𝑒𝑚𝑒𝑛𝑡]) ÷ (𝑡𝑜𝑡𝑎𝑙 𝑒𝑙𝑒𝑚𝑒𝑛𝑡𝑎𝑙 𝑐𝑜𝑛𝑡𝑒𝑛𝑡 𝑖𝑛 𝑠𝑡𝑎𝑟𝑡𝑖𝑛𝑔 𝑚𝑎𝑡𝑒𝑟𝑖𝑎𝑙 [𝑚𝑔 𝑒𝑙𝑒𝑚𝑒𝑛𝑡])) ×
100%
d
Combined ashes from smouldering treatment of sludge mixed with woodchips
e
Calculated as 100% − (𝑒𝑙𝑒𝑚𝑒𝑛𝑡𝑎𝑙 𝑟𝑒𝑡𝑒𝑛𝑡𝑖𝑜𝑛 𝑖𝑛 𝑚𝑖𝑥𝑒𝑑 𝑎𝑠ℎ[%])
* The standard error was calculated from the uncertainties from each calculation added in quadrature
b
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Appendix C: Supplementary Material for “Behaviour of PCDD/Fs and
potentially toxic elements in sewage sludge during smouldering
treatment”
C.1: Supplementary Information on LAB Reactor Experiments

Figure C.1- 1: Experimental set-up and sampling locations for LAB tests.
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Figure C.1- 2: Temperature profiles for LAB 1a, a. presents the centreline (solid lines)
and wall (broken line) temperatures within the fuel bed, and b. shows the emissions
temperatures above the fuel bed. The sampling timing and duration is shown as a
grey block.
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Figure C.1- 3: Temperature profiles for LAB 1b, a. presents the centreline (solid lines)
and wall (broken line) temperatures within the fuel bed, and b. shows the emissions
temperatures above the fuel bed. The sampling timing and duration is shown as a
grey block.
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Figure C.1- 4: Temperature profiles for LAB 2, a. presents the centreline (solid lines)
and wall (broken line) temperatures within the fuel bed, and b. shows the emissions
temperatures above the fuel bed. The sampling timing and duration is shown as a
grey block.
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C.2: Supplementary Information on DRUM Reactor Experiments

Figure C.2- 1: Temperature profiles for DRUM 1, a. presents the centreline (solid
lines) and wall (broken line) temperatures within the fuel bed, and b. shows the
emissions temperatures above the fuel bed. The sampling timing and duration is
shown as a grey block.
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Figure C.2- 2: Temperature profiles for DRUM 2, a. presents the centreline (solid
lines) and wall (broken line) temperatures within the fuel bed, and b. shows the
emissions temperatures above the fuel bed. The sampling timing and duration is
shown as a grey block.
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Figure C.2- 3: Temperature profiles for DRUM 3, a. presents the centreline (solid
lines) and wall (broken line) temperatures within the fuel bed, and b. shows the
emissions temperatures above the fuel bed. The sampling timing and duration is
shown as a grey block. Air flux changes occurred at 397 (1.00 – 2.00 cm/s), 406 (2.00
– 3.00 cm/s), 415 (3.00 – 1.00 cm/s), 640 (1.00 – 0.00 cm/s), 642 (0.00 – 1.00 cm/s), 951
(1.00 – 3.00 cm/s), 1009 (3.00 – 5.01 cm/s) minutes.
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Figure C.2- 4: Temperature profiles for DRUM 4, a. presents the centreline (solid
lines) and wall (broken line) temperatures within the fuel bed, and b. shows the
emissions temperatures above the fuel bed. The sampling timing and duration is
shown as a grey block.
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Figure C.2- 5: Sieve analysis of post-treatment ash and sand.
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Figure C.2- 6: Total hydrocarbon release from the smouldering reactor during
DRUM test 2, 3, and 4 which quantified PCDD/Fs in emissions. The total
hydrocarbons were normalized to the sum of the combustion gases (i.e., carbon
monoxide and carbon dioxide) and the total hydrocarbons and plotted against the test
duration presented as non-dimensional time (defined in (Rashwan et al., 2021a)).
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C.3: Supplementary Information on PCDD/F Results
The toxic equivalency quantities (TEQs) of the 17 most toxic PCDD/F congeners
(i.e., the PCDD/Fs containing chlorine atoms in the 2,3,7,8 positions on the benzene rings)
(Reiner, 2016) were approximated by multiplying the mass (in pg) by their toxic
equivalency factors (TEFs) as outlined by WHO (2005) (see Table C.3-2). The sum of the
congeners (in pg TEQ (ET)) was divided by the total emissions sample volume to provide
an approximation of the absolute PCDD/F concentration per emissions volume (i.e., pg
TEQ/m3). Finally, to compare the emissions concentrations of PCDD/Fs to regulatory
standards, the values were corrected to 11% oxygen content according to guidance from
the Canadian Council of Ministers of the Environment (1989).
Table C.3- 1: PCDD/F sampling conditions from DRUM and LAB tests
Test
Parameter
Sampling Time
1

Units
min

1a

LAB
1b

DRUM
2

1

2

3

4

18

21

61

31

33

58

34

Flow Rate 2
m3/min 0.0021 0.0020 0.0020 0.0019 0.0020 0.0026 0.0021
Sample
m3
0.038 0.040
0.13
0.059 0.066
0.15
0.071
Volume 3
Oxygen
%
16.0
16.8
18.8
17.8
15.8
16.4
17
content 4
Oxygen
correction
2.0
2.4
4.7
3.2
1.9
2.2
2.5
factor 5
¹ Measured from the time the pump was turned on, diverting air flow from the column
through the PCDD/F sampling train, to the time the pump was turned off.
2
Measured using a flow totalizer incorporated into the PCDD/F sampling train.
3
Calculated as (𝑠𝑎𝑚𝑝𝑙𝑖𝑛𝑔 𝑡𝑖𝑚𝑒 [𝑚𝑖𝑛]) × (𝑓𝑙𝑜𝑤 𝑟𝑎𝑡𝑒 [𝑚3 /𝑚𝑖𝑛])
4
Measured using a continuous gas analyzer for LAB tests and Landtec GEM2000
portable gas analyzer immediately after the sampling train for DRUM tests
5
Calculated according to the Canadian Council of Ministers of the Environment (1989)
equation: 𝐶𝑜𝑛𝑐𝑒𝑛𝑡𝑟𝑎𝑡𝑖𝑜𝑛 (𝑎𝑡 11% 𝑂2 ) = 𝐶𝑜𝑛𝑐𝑒𝑛𝑡𝑟𝑎𝑡𝑖𝑜𝑛 × [(20.9 − 11.0)/(20.9 −
(𝑂2 )𝑟𝑒𝑓𝑒𝑟𝑒𝑛𝑐𝑒
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Table C.3- 2: Summary of PCDD/F release in combustion gases from DRUM and LAB tests
Mass of PCDD/F in combustion gases (pg)
Congener

TEF

1

LAB
1a

DRUM

1b

2

2378-TCDD
1
4
7
3
12378-PeCDD
1
BDL
BDL
BDL
23478-PeCDF
0.3
BDL
BDL
BDL
123478-HxCDF
0.1
BDL
BDL
BDL
123678-HxCDF
0.1
BDL
BDL
BDL
234678-HxCDF
0.1
BDL
BDL
BDL
123789-HxCDF
0.1
BDL
BDL
BDL
2378-TCDF
0.1
BDL
BDL
BDL
123478-HxCDD
0.1
BDL
BDL
BDL
123678-HxCDD
0.1
BDL
BDL
BDL
123789-HxCDD
0.1
BDL
BDL
BDL
12378-PeCDF
0.03
BDL
BDL
BDL
1234678-HpCDF
0.01
BDL
BDL
BDL
1234789-HpCDF
0.01
7
BDL
BDL
1234678-HpCDD
0.01
BDL
BDL
BDL
OCDF
0.0003
28
34
19
OCDD
0.0003
85
90
183
Total Mass
pg
3101
3452
1605
¹ Toxic equivalency factors (USEPA, 2010)
2
BDL is below the detection limit, detection limits are summarized in Table S3-3
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1

2

3

4

20
BDL
BDL
BDL
BDL
BDL
BDL
BDL
BDL
BDL
BDL
BDL
BDL
BDL
BDL
64
116
3396

BDL2
BDL
BDL
BDL
BDL
BDL
BDL
BDL
BDL
BDL
BDL
BDL
BDL
BDL
BDL
BDL
BDL
0

BDL
BDL
BDL
BDL
BDL
BDL
BDL
BDL
BDL
BDL
BDL
BDL
BDL
BDL
BDL
BDL
BDL
0

17
BDL
BDL
BDL
BDL
BDL
BDL
11
BDL
41
BDL
BDL
2
25
13
120
281
3384

Table C.3- 3: Summary of PCDD/F release in smouldering exhaust stack
Congener
2378-TCDD
12378-PeCDD
23478-PeCDF
2378-TCDF
123478-HxCDF
123678-HxCDF
234678-HxCDF
123789-HxCDF
123478-HxCDD
123678-HxCDD
123789-HxCDD
12378-PeCDF
1234678-HpCDF
1234789-HpCDF
1234678-HpCDD
OCDF
OCDD
Total Mass Concentration
Total TEQ Concentration
Oxygen content
Oxygen correction factor
TEQ Concentration
(corrected to O₂)

1

TEF

1
1
0.3
0.1
0.1
0.1
0.1
0.1
0.1
0.1
0.1
0.03
0.01
0.01
0.01
0.0003
0.0003
pg / m³
pg TEQ / m³
%
-

MDL 2
(pg/g)

QA/QC
(pg)

Method spike
(% rec)

0.5
2
2
0.6
3
2
3
3
2
4
3
2
3
2
2
5
5

ND
0.8
0.5
0.3
0.4
0.5
0.7
0.8
0.5
0.3
0.2
1.1
1.8
ND
0.8
0.8
2

102
107
104
107
110
114
113
117
104
98
102
116
113
118
110
113
103

pg TEQ / m³

Concentration of PCDD/F in exhaust stack (pg/m3)
DRUM 3
DRUM 5
DRUM 9
DRUM 10
3
BDL
BDL
BDL
BDL
BDL
BDL
BDL
BDL
BDL
BDL
BDL
8
BDL
BDL
BDL
11
BDL
BDL
BDL
BDL
BDL
BDL
BDL
BDL
BDL
BDL
BDL
BDL
BDL
BDL
BDL
BDL
BDL
BDL
BDL
BDL
BDL
BDL
BDL
27
BDL
BDL
BDL
BDL
BDL
BDL
BDL
11
BDL
BDL
BDL
BDL
BDL
BDL
BDL
14
BDL
BDL
BDL
15
BDL
BDL
BDL
10
BDL
BDL
BDL
30
0
125
0
0
0
14.9
0
0
-19.8
---9
--0

¹ Toxic equivalency factors (USEPA, 2010)
2
Method detection limits
3
BDL is below the method detection limit
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61.1

0

0

Table C.3- 4: PCDD/F concentrations in post-treatment smouldered ash from
DRUM 1
PCDD/F Concentration in Post-Treatment Ash from DRUM 1
Congener

2378-TCDD
12378-PeCDD
23478-PeCDF
2378-TCDF
123478-HxCDF
123678-HxCDF
234678-HxCDF
123789-HxCDF
123478-HxCDD
123678-HxCDD
123789-HxCDD
12378-PeCDF
1234678-HpCDF
1234789-HpCDF
1234678-HpCDD
OCDF
OCDD

1

TEF

1
1
0.3
0.1
0.1
0.1
0.1
0.1
0.1
0.1
0.1
0.03
0.01
0.01
0.01
0.0003
0.0003

Repeat (1)
Repeat (2)
Average
Concentration² Qualifier³ Concentration² Qualifier³ Concentration²
(pg/g)
(pg/g)
(pg/g)
<0.47
<0.68
<0.45
<0.45
<0.49
<0.56
<0.42
<0.59
<0.35
<0.36
<0.36
<0.55
<0.31
<0.27
1.28
0.474
6.02

[U]
[U]
[U]
[U]
[M,U]
[U]
[U]
[M,U]
[U]
[U]
[U]
[M,U]
[M,J,R]
[U]
[M,J]
[M,J]
[J]

<0.58
<0.87
<0.74
<0.63
<0.59
<0.67
<0.58
<0.82
<0.55
<0.53
<0.56
<1.0
<0.49
<0.61
1.26
<1.2
4.16

[U]
[U]
[U]
[U]
[U]
[U]
[U]
[M,U]
[U]
[U]
[U]
[U]
[U]
[U]
[M,J]
[U]
[M,J]

¹ Toxic equivalency factors (USEPA, 2010)
2
Ash samples were analyzed externally by ALS Life Sciences lab in London, ON
3
Qualifiers identified by ALS Life Sciences
[U] The analyte was not detected above the EDL.
[M] A peak has been manually integrated.
[J] The analyte was detected below the calibrated range but above the EDL.
[R] The ion abundance ratio(s) did not meet the acceptance criteria. Value is an
estimated maximum.
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BDL
BDL
BDL
BDL
BDL
BDL
BDL
BDL
BDL
BDL
BDL
BDL
BDL
BDL
1.27
0.237
5.09

C.4: Normalization Derivation

Nomenclature
Latin Letters
𝐴𝐶
𝐴𝑠ℎ
𝑚/𝑚
𝑚̇
𝑚𝑒𝑚
𝑀𝑎𝑖𝑟
𝑀𝐶
𝑃
𝑅
𝑇
𝑣⃑
𝑣⃑𝑜𝑥𝑖𝑑
𝑉̇
𝑉𝑒𝑚

Cross sectional area, m2
Ash content, %
Mass ratio, Mass flux, kg s – 1
Mass of emissions sample, pg
Molar mass of air, kg mol – 1
Moisture content, %
Pressure, Pa
Universal gas constant, m 3 Pa mol – 1 K – 1
Temperature, K
Air flow velocity, m s – 1
Smouldering propagation velocity, m s – 1
Volumetric air flux, m 3 s – 1
Volume of emissions sample, m 3

Greek Symbols
𝜌

Density, kg m – 3

Subscripts
𝑏𝑢𝑙𝑘
𝑑𝑒𝑠
𝑑𝑟𝑦
𝑓𝑢𝑒𝑙
𝑖𝑛
𝑁𝑇𝑃
𝑜𝑢𝑡

Volume averaged
Destroyed fuel
Dry fuel
Fuel
Into the reactor
Conditions at normal temperature and pressure
Out of the reactor
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Mass Out:
The mass flux out of the reactor is calculated to be a conservatively high estimate
of the PCDD/Fs leaving the system. If all sewage sludge is destroyed during smouldering,
we assume a high amount of PCDD/Fs leaving the system. Therefore, the mass flux out of
the system is assumed to be the sum of the mass flux into the reactor and the dry mass
destroyed during smouldering, given in Equation (C.4-1):

𝑚̇𝑜𝑢𝑡 [

𝑘𝑔
𝑘𝑔
𝑘𝑔
] = 𝑚̇𝑖𝑛 [ ] + 𝑚̇𝑑𝑒𝑠 [ ]
𝑠
𝑠
𝑠

(𝐶. 4 − 1)

Airflow Volume Flux:
The airflow volume flux of the system is the product of the air flux and the reactor
area. The size of the reactor varies from a radius of 0.3 m at the DRUM scale, to 0.15 m at
the LAB scale. For the volume flux into the reactor, the air flux is based on the air flow
rate into the base of the column, given in Equation (C.4-2):
𝑚3
𝑚
̇𝑉𝑖𝑛 [ ] = 𝑣⃑ [ ] ∙ 𝐴𝐶 [𝑚2 ]
𝑠
𝑠

(𝐶. 4 − 2)

The mass destroyed is related to the total mass lost per time. Therefore, the airflow
volume flux is a function of the smouldering front propagation velocity upwards through
the reactor, given in Equation (C.4-3):
𝑚3
𝑚
𝑉̇𝑑𝑒𝑠 [ ] = 𝑣⃑𝑜𝑥𝑖𝑑 [ ] ∙ 𝐴𝐶 [𝑚2 ]
𝑠
𝑠
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(𝐶. 4 − 3)

Mass In:
The ideal gas law was used to determine the mass flux into the system, given in
Equation (C.4-4):
3
̇𝑖𝑛 [𝑚 ] 𝑃𝑁𝑇𝑃 [𝑃𝑎]
𝑉
𝑘𝑔
𝑘𝑔
𝑠
(𝑀
𝑚̇𝑖𝑛 [ ] =
∙
[
])
𝑎𝑖𝑟
𝑚3 ∙ 𝑃𝑎
𝑠
𝑚𝑜𝑙
𝑅[
] ∙ 𝑇𝑁𝑇𝑃 [𝐾]
𝑚𝑜𝑙 ∙ 𝐾

(𝐶. 4 − 4)

The airflow into the reactor was assumed to be at normal temperature and pressure
conditions. The molar mass of air was used to convert the ideal gas law constant from a
molarity to a mass.
Substituting Equation (C.4-2) into Equation (C.4-4) gives an equation for the mass
flux into the reactor in terms of the airflow rate into the reactor and the area of the column,
given by Equation (C.4-5):
𝑚
𝑣⃑ [ 𝑠 ] ∙ 𝐴𝐶 [𝑚2 ] ∙ 𝑃𝑁𝑇𝑃 [𝑃𝑎]
𝑘𝑔
𝑘𝑔
𝑚̇𝑖𝑛 [ ] =
∙ (𝑀𝑎𝑖𝑟 [
])
3
𝑚 ∙ 𝑃𝑎
𝑠
𝑚𝑜𝑙
𝑅[
] ∙ 𝑇𝑁𝑇𝑃 [𝐾]
𝑚𝑜𝑙 ∙ 𝐾

(𝐶. 4 − 5)

Dry Bulk Density:
The bulk density of each fuel mixture was determined for each test. Since the
moisture content of the sewage sludge varied for each test, the bulk density was converted
to dry bulk density to account for the difference and is given in Equation (C.4-6):
𝑘𝑔
𝑘𝑔
𝜌𝑏𝑢𝑙𝑘 [ 3 ]
𝜌𝑏𝑢𝑙𝑘 [ 3 ]
𝑘𝑔
𝑚
𝑚
𝜌𝑑𝑟𝑦 𝑏𝑢𝑙𝑘 [ 3 ] =
𝑚𝑤 =
𝑀𝐶
𝑚
𝑓𝑢𝑒𝑙 [%]
(1 + 𝑚 )
(1 +
)
𝑆
100%
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(𝐶. 4 − 6)

Dry Mass Destroyed:
The dry mass destroyed is a function of the rate that the smouldering front moves
up the column and the dry bulk density of the fuel, given in Equation (C.4-7):

𝑚̇𝑑𝑒𝑠

𝑘𝑔
𝑚3
𝑘𝑔
̇
[ ] = 𝑉𝑑𝑒𝑠 [ ] ∙ 𝜌𝑑𝑟𝑦 𝑏𝑢𝑙𝑘 [ 3 ]
𝑠
𝑠
𝑚

(𝐶. 4 − 7)

Substituting Equation (C.4-3) and Equation (C.4-7) into Equation (C.4-8) gives an
equation for the dry mass destroyed in terms of the smouldering velocity, area of the
reactor, bulk density and moisture content of the fuel, given by Equation (C.4-8):

𝑚̇𝑑𝑒𝑠

𝑘𝑔
𝑚
[ ] = 𝑣⃑𝑜𝑥𝑖𝑑 [ ] ∙ 𝐴𝐶 [𝑚2 ] ∙
𝑠
𝑠

𝑘𝑔
]
𝑚3
𝑀𝐶𝑓𝑢𝑒𝑙 [%]
(1 +
)
100%
𝜌𝑏𝑢𝑙𝑘 [

(𝐶. 4 − 8)

Considering Sand-to-Sludge Ratio and Ash Content:
The dry bulk density of the fuel considers the mixture of silica sand with sewage
sludge. Since only the sewage sludge is destroyed during smouldering, the mass destroyed
should be normalized to the sewage sludge content by considering the sand-to-sludge ratio
(on a dry mass basis) for each test. Furthermore, since not all the sewage sludge is destroyed
during smouldering, i.e., some amount of ash remains, the dry mass destroyed should also
be normalized to the ash content of the sewage sludge. Equation (C.4-8) can therefore be
rewritten to include the sand-to-sludge ratio, and the ash content of the sewage sludge,
given in Equation (C.4-9):
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𝑚̇𝑑𝑒𝑠

𝑘𝑔
𝑚
[ ] = 𝑣⃑𝑜𝑥𝑖𝑑 [ ] ∙ (𝐴𝐶 )[𝑚2 ] ∙
𝑠
𝑠

𝑘𝑔
]
𝐴𝑠ℎ𝑓𝑢𝑒𝑙 [%]
𝑘𝑔
𝑚3
∙ (𝑚/𝑚 [ ])
∙(
) (𝐶. 4 − 9)
𝑀𝐶𝐹𝑢𝑒𝑙 [%]
𝑘𝑔 𝑑𝑟𝑦
100%
(1 +
)
100%
𝜌𝑏𝑢𝑙𝑘 [

Volume Out of Reactor:
The air volume flux out of the reactor can be determined by rearranging the ideal
gas law, given by Equation (C.4-10):
𝑘𝑔
𝑚3 ∙ 𝑃𝑎
𝑚
̇
[
]
∙
𝑅
[
] ∙ 𝑇𝑜𝑢𝑡 [𝐾]
𝑜𝑢𝑡
𝑚
1 𝑚𝑜𝑙
𝑠
𝑚𝑜𝑙 ∙ 𝐾
[ ]=
∙(
[
])
𝑠
𝑃𝑜𝑢𝑡 [𝑃𝑎]
𝑀𝑎𝑖𝑟 𝑘𝑔
3

𝑉̇𝑜𝑢𝑡

(𝐶. 4 − 10)

The temperature of emissions leaving the column is taken from the highest
thermocouple measurement within the column, above the fuel pack i.e., the closest
thermocouple to the PCDD/F sampling train. An average temperature is used. The pressure
of the emissions is corrected to the temperature leaving the column. Again, the molar mass
of air is used to convert the ideal gas constant from a molarity to mass.
Normalized Dioxin and Furan Measurement:
Finally, the PCDD/F sample collected from the emissions leaving the reactor can
be scaled to approximate the total mass of PCDD/Fs released from smouldering sewage
sludge. The mass quantity of PCDD/Fs in the emissions, mPCDD/F [pg], were quantified per
volume of emissions sample, VPCDD/F [m3], for each test. Multiplying this concentration by
the volume flux out of the reactor provides an approximation of the PCDD/Fs released
from the system, given by Equation (C.4-11):
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𝑝𝑔
𝑚𝑒𝑚 [𝑝𝑔]
𝑚3
̇
𝑚̇𝑒𝑚,𝑇𝑜𝑡𝑎𝑙 [ ] =
∙𝑉 [ ]
̇ [𝑚3 ] 𝑜𝑢𝑡 𝑠
𝑠
𝑉𝑒𝑚

(𝐶. 4 − 11)

The PCDD/F flux can then be normalized to the dry mass destroyed during
smouldering to approximate the mass of PCDD/Fs leaving the system per mass of dry
sludge, given in Equation (C.4-12):

𝑚𝑒𝑚,𝑇𝑜𝑡𝑎𝑙

3
̇𝑜𝑢𝑡 [𝑚 ]
𝑉
𝑝𝑔
𝑚𝑒𝑚 [𝑝𝑔]
𝑠
[
]=
∙
3
̇ [𝑚 ]
𝑘𝑔
𝑘𝑔𝑑𝑟𝑦 𝑓𝑢𝑒𝑙
𝑉𝑒𝑚
𝑚̇𝑑𝑒𝑠 [ 𝑠 ]
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(𝐶. 4 − 12)

C.5: Supplementary Information on Greenway Pollution Control Plant, London,
ON
Table C.5- 1: Summary of element releases in emissions from Greenway’s
incinerator stack
Annual sludge processing 1

(tonnes) 2

67734
Element

Units

Cd

Pb

Zn

1.1

103

579

75

6977

39218

Annual Elemental Loading 3

(mg element/ kg
sludge)
(kg / year)

Incinerator stack releases 4

(kg / year)

9

76

2700

Post-treatment ash disposals 4

(kg / year)

19

346

6000

Total element in emissions 4

(kg / year)

28

422

8700

Average elemental concentration 3

Percent Elemental Release in
(%)
38%
6%
22%
Emissions 5
1
Greenway WWTP Annual 2018 Report (London, 2019a)
2
On a wet mass basis
3
Calculated as the product of the average elemental concentration and annual sludge
processed
4
NPRI 2018 Report (London, 2019b), note that these quantities are all below the CCME
ECA requirements for releases from the incinerator exhaust stack
5
Calculated as the quotient of the annual elemental loading and total elemental content in
emissions
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Table C.5- 2: Sample qualifiers and descriptions (ALS Greenway Report, 2018)
Qualifier

Description

J, R

The analyte was detected below the calibrated range but above the
EDL, and the ion abundance ratio(s) did not meet the acceptance
criteria. Value is an estimated maximum.

M

A peak has been manually integrated.

M, J

A peak has been manually integrated, and the analyte was detected
below the calibrated range but above the EDL.

M, J, R

A peak has been manually integrated, and the analyte was detected
below the calibrated range but above the EDL, and the ion abundance
ratio(s) did not meet the acceptance criteria. Value is an estimated
maximum.

R

The ion abundance ratio(s) did not meet the acceptance criteria. Value
is an estimated maximum.

[J]

The analyte was detected below the calibrated range but above the
EDL.

[U]

The analyte was not detected above the EDL.
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Table C.5- 3: Summary of PCDD/Fs at Greenway Pollution Control Plant, London, ON
Congener
2378-TCDD
12378-PeCDD
23478-PeCDF
2378-TCDF
123478-HxCDF
123678-HxCDF
234678-HxCDF
123789-HxCDF
123478-HxCDD
123678-HxCDD
123789-HxCDD
12378-PeCDF
1234678-HpCDF
1234789-HpCDF
1234678-HpCDD
OCDF
OCDD

1

TEF

1
1
0.3
0.1
0.1
0.1
0.1
0.1
0.1
0.1
0.1
0.03
0.01
0.01
0.01
0.0003
0.0003

Cake Sludge
Concentration ²
(pg/g)
<1.1
1.1
0.94
1.4
<0.82
1.2
<1.0
1.3
0.46
1.6
1
0.86
9.7
<1.9
46.5
27.3
555

Incinerator Ash

Qualifier ³
[U]
M, J, R
[J]
M, J
[U]
J, R
[U]
M, J, R
J, R
J, R
M, J, R
[J]
R
[U]
M
---

Concentration ⁴
(pg/g)
<0.24
<0.14
<0.061
<0.20
0.094
0.082
0.201
<0.064
<0.10
<0.10
<0.10
<0.069
0.26
<0.10
0.37
0.621
1.47

Qualifier ³
[U]
[U]
[U]
[U]
M, J, R
M, J
M, J, B
[U]
[U]
[U]
[U]
[U]
M, J, R
[U]
M, J
[J]
[J]

Stack Emissions
Concentration ⁵
(pg TEQ/m3)
<0.062
<0.071
0.028
<0.19
<0.040
<0.037
0.045
0.0041
<0.11
<0.044
0.025
<0.23
<0.072
<0.023
<0.0054
<0.23
<0.00063

Qualifier ³
[U]
[U]
-[U]
[U]
[U]
--[U]
[U]
-[U]
[U]
[U]
[U]
[U]
[U]

¹ Toxic equivalency factors (USEPA, 2010)
² ALS Greenway Report (2013)
³ For qualifier descriptions see Table S5
⁴ ALS Greenway Report (2018)
⁵ Greenway Ortech Report (2018), note that these values are averages from 3 exhaust stack emissions samples, and the sum is well
below the Canadian Council of Ministers of the Environment (CCME) ECA requirement of 80 pg TEQ/m3 (corrected to 11% O2).
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Appendix D: Supplementary Material for “Smouldering to Treat PFAS
in Sewage Sludge”
D.1: Preliminary PFAS Analysis
Table D.1- 1: Preliminary PFAS Analysis on Sewage Sludge Collected between
2018-2019
PFAS
Test
Concentration
(ng/g)
1a
2 a, b
3c
4d
PFBA
1580 ± 862
553 ± 37.1
1060 ± 641
1940 ± 160
PFPeA
3320 ± 282
2390 ± 507
1720 ± 578
2310 ± 5.43
PFBS
B.Q.L.
B.Q.L.
B.Q.L.
B.Q.L.
PFHxA
1110 ± 73.1
657 ± 14.0
882 ± 429
863 ± 60.0
PFHpA
6190 ± 1580
3450 ± 1140
3420 ± 568
5720 ± 234
PFOA
B.D.L.
B.D.L.
B.D.L.
B.D.L.
PFHxS
B.D.L.
B.D.L.
B.D.L.
B.D.L.
PFNA
B.D.L.
B.D.L.
B.D.L.
B.D.L.
PFDA
B.D.L.
B.D.L.
B.D.L.
B.D.L.
PFOS
1590 ± 638
449 ± 224
458 ± 229
B.D.L.
PFUnA
B.D.L.
B.D.L.
B.D.L.
B.D.L.
PFDoA
B.D.L.
B.D.L.
B.D.L.
B.D.L.
PFOSA
B.D.L.
B.D.L.
B.D.L.
B.D.L.
a
Sludge had a MC of 3.23%, ash content of 26.7%, and was collected in February, 2018
b
Secondary batch of sludge
c
Sludge had a MC of 72.3%, ash content of 26.9%, and was collected in May, 2018
d
Sludge had a MC of 74.4%, ash content of 24.8%, and was collected in June, 2018
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D.2: Supplemental Information on Smouldering Experiments
Table D.2- 1: Additional experimental data and results from LAB scale Phase I & II
Experimental Conditions

Results

Moisture Content
After
drying

After
rehydrating

Experiment

(%)

(%)

I-1
I-2
I-3

<1
<1
<1

-

Sand/
Sludge

Average Peak Temperature
Half
Centreline
Radius
Sand Cap

Air
Phase

(°C)

(°C)

(°C)

805 ± 67
818 ± 34
877 ± 37

499 ± 63
-c
562 ± 60

186 ± 10
175 ± 10
181 ± 17

573 ± 89
749 ± 89
721 ± 48
741 ± 72

434 ± 13
521 ± 24
550 ± 6
661 ± 62

151 ± 13
210 ± 3
235 ± 36
263 ± 55

GAC
Concentration
CaO Added
(g GAC/ kg
(g CaO/ kg
(g/g)
sand)
sand)
(°C)
PHASE I: LAB Base case
a
6.5
856 ± 34
a
6.5
737 ± 37
6.5 a
831 ± 41
PHASE II: LAB High MC and Amendments
4.5 b
20
746 ± 21
4.5 b
30
905 ± 21
a
6.5
5
818 ± 57
6.5 a
10
824 ± 54

II-1-1
<1
75
II-1-2
<1
75
II-2-1
<1
II-2-2
<1
a
Measured on a dry-mass basis
b
Measured on a wet-mass basis
c
No thermocouples were present in the sand cap during this test
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Emissions Sampling Train: Leak Test Procedure
Both the PFAS and HF emissions sampling trains were leak tested prior to each experiment
and contribution of ambient air to the system was minimized to <5%. To do this, nitrogen
was injected through one sampling train at a time and the emissions exiting were analyzed
using a CEMS. A vacuum pump (DOA-P704-AA, Gast) pulled nitrogen through the
system at ~3 L/min. The system ran for several minutes to allow the emissions reading to
stabilize. An oxygen measurement of <1% is ideal, however, due to complexities of the
emissions sampling train, a measurement of <5% was deemed acceptable and the test
would proceed as planned. If a measurement >5% was obtained, each joint of the sampling
train would be cleaned, greased, and resecured and the leak test would be repeated.
Temperature Profiles

Figure D.2- 1: Test I-1, the first of 3 base case tests where dried sludge was mixed
with sand at a ratio of 6.5:1 sand:dried sludge. The sampling period from 56 – 106
min is shaded in grey. The lower temperature range for significant PFAS degradation
is shown as a dotted line.
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Figure D.2- 2: Test I-2, the second of 3 base case tests where dried sludge was mixed
with sand at a ratio of 6.5:1 sand:dried sludge. The sampling period from 60 – 107
min is shaded in grey. The lower temperature range for significant PFAS degradation
is shown as a dotted line.

Figure D.2- 3: Test I-3, the third of 3 base case tests where dried sludge was mixed
with sand at a ratio of 6.5:1 sand:dried sludge. The sampling period from 70 – 118
min is shaded in grey. The lower temperature range for significant PFAS degradation
is shown as a dotted line.
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Figure D.2- 4: Test II-1-1, the first high MC content (75%) smouldering test where
20 g GAC / kg sand was added to supplement the fuel. The sampling period from 162
– 265 min is shaded in grey. The lower temperature range for significant PFAS
degradation is shown as a dotted line.

Figure D.2- 5: Test II-1-2, the second high MC content (75%) smouldering test where
30 g GAC / kg sand was added to supplement the fuel. The sampling period from 143
– 241 min is shaded in grey. The lower temperature range for significant PFAS
degradation is shown as a dotted line.
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Figure D.2- 6: Test II-2-1, the first CaO test where 5 g CaO / kg sand was combined
with dried sludge and sand at a ratio of 6.5:1 sand:dried sludge. The sampling period
from 68 – 152 min is shaded in grey. The lower temperature range for significant
PFAS degradation is shown as a dotted line.

Figure D.2- 7: Test II-2-2, the second CaO test where 10 g CaO / kg sand was
combined with dried sludge and sand at a ratio of 6.5:1 sand:dried sludge. The
sampling period from 72 – 162 min is shaded in grey. The lower temperature range
for significant PFAS degradation is shown as a dotted line.
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Heating Rates

Figure D.2- 8: Heating rates as a function of temperature for the base case tests. I-1
is presented as a solid line, I-2 as a dashed line, and I-3 as a dotted line. Only the
centreline thermocouples within the fuel bed have been included.

Figure D.2- 9: Heating rates as a function of normalized time for the base case tests.
I-1 is presented as a solid line, I-2 as a dashed line, and I-3 as a dotted line. Only the
centreline thermocouples within the fuel bed have been included.
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Figure D.2- 10: Heating rates as a function of normalized position in the reactor for
the base case tests. I-1 is presented as a solid line, I-2 as a dashed line, and I-3 as a
dotted line. Only the centreline thermocouples within the fuel bed have been included.

Figure D.2- 11: Heating rates as a function of temperature for the high MC (75%)
and GAC tests. II-1-1 (20 g GAC/kg sand) is presented as a solid line, and II-1-2 (30
g GAC/kg sand) as a dashed line. Only the centreline thermocouples within the fuel
bed have been included.
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Figure D.2- 12: Heating rates as a function of normalized time for the high MC (75%)
and GAC tests. II-1-1 (20 g GAC/kg sand) is presented as a solid line, and II-1-2 (30
g GAC/kg sand) as a dashed line. Only the centreline thermocouples within the fuel
bed have been included.

Figure D.2- 13: Heating rates as a function of normalized position in the reactor for
the high MC (75%) and GAC tests. II-1-1 (20 g GAC/kg sand) is presented as a solid
line, and II-1-2 (30 g GAC/kg sand) as a dashed line. Only the centreline
thermocouples within the fuel bed have been included.
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Figure D.2- 14: Heating rates as a function of temperature for the CaO tests. II-2-1 (5
g CaO/kg sand) is presented as a solid line, and II-2-2 (10 g CaO/kg sand) as a dashed
line. Only the centreline thermocouples within the fuel bed have been included.

Figure D.2- 15: Heating rates as a function of normalized time for the CaO tests. II2-1 (5 g CaO/kg sand) is presented as a solid line, and II-2-2 (10 g CaO/kg sand) as a
dashed line. Only the centreline thermocouples within the fuel bed have been
included.
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Figure D.2- 16: Heating rates as a function of normalized position in the reactor for
the CaO tests. II-2-1 (5 g CaO/kg sand) is presented as a solid line, and II-2-2 (10 g
CaO/kg sand) as a dashed line. Only the centreline thermocouples within the fuel bed
have been included.
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Post-Treatment Ash and Sand
Figure D.2-17 shows the post-treatment samples from following the smouldering
treatment of sewage sludge. The top sand cap (~38 – 48 cm from reactor base) was initially
clean sand added to lower the temperature of the emissions exiting the column. During
sludge smouldering, bio-oil volatilized during sludge heating and recondensed in the top
sand cap. As the smouldering front exited the column, the bio-oil was pyrolyzed (Figure
D.2-17a.). The post-treatment materials in the top of the fuel bed (~27 – 31 cm from reactor
base), and the bottom of the fuel bed (~13 – 20 cm from reactor base) were very similar
with sewage sludge ash (~20% ash content) surrounded by silica sand (Figure D.2-17a./b.).
The silica sand used in all tests was conserved during smouldering.

a.

b.

c.

Figure D.2- 17: Experimental photos of the post-treatment ash and sand from base
case I-1 from three locations within the reactor, a. the top sand cap, b. the middle of
the fuel bed, and c. the bottom of the fuel bed.
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D.3: Supplementary Information on Drum Reactor Experiments

Figure D.3- 1: Schematic of smouldering reactor set-up.
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Experimental Set-up and Procedure: DRUM Reactor
The experimental set-up for the DRUM tests is shown in Figure D.3-1. The ignition
procedure is described below. Air – operated using a mass flux controller
(8290B045PDB67 ASCO Numatics) – was injected into the base of the DRUM reactor
from the beginning of the test. With the air on, the base of the reactor was then heated via
a convective heater (F074736 36 kW SureHeat® MAX, Osram Sylvania) until ignition
occurred. Ignition was confirmed the first thermocouple in the contaminant pack peaked
(i.e., 0.06 m up the column in the DRUM experiments). Following ignition, the heater was
turned off and the air flow was maintained to support self-sustaining smouldering. The end
of each experiment was identified when the smouldering front reached the end of the
contaminant pack in the reactor. Continuous emissions monitoring systems (CEMS)
measured methane, carbon dioxide, carbon monoxide, and total hydrocarbons from the
DRUM tests every five seconds (ABB Ltd.).
The emissions exiting the DRUM reactors were passed through an onsite treatment
system prior to release from a stack. The custom treatment system (Newterra Ltd.)
consisted of two granular activated carbon vessels (with 820 and 75 kg of material in each
vessel), followed by an impregnated potassium permanganate vessel (with 150 kg of
material).
Representative samples, ~19 – 100L per DRUM test, of the post-treatment material
(i.e., ash mixed with silica sand) were collected in 19 L buckets. These large sample
volumes aimed to capture the heterogeneities throughout the reactor.
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Temperature Profiles

Figure D.3- 2: Temperature profile for Test III-1, a self-sustaining smouldering
experiment with a 3.81% moisture content sludge in a fixed bed with 25.5 g/g
sand/sludge mass ratio. Plenum, centreline, and wall thermocouples are presented.
Note the air flux was changed at 190, 238, 288, 290, and 296 minutes.

Figure D.3- 3: Temperature profile for Test III-2, a self-sustaining smouldering
experiment with a 72.3% moisture content sludge in a fixed bed with 4.5 g/g
sand/sludge mass ratio. Plenum, centreline, and wall thermocouples are presented.
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Figure D.3- 4: Temperature profile for Test III-3, a self-sustaining smouldering
experiment with a 74.4% moisture content sludge in a fixed bed with 4.5 g/g
sand/sludge mass ratio. Plenum, centreline, and wall thermocouples are presented.
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D.4: PFAS in virgin sludge and post-treatment ash
Base Case Tests
Smouldering resulted in 92 – 100% reduction in total PFAS in the post-treatment
materials. The highest concentrations of PFAS in the post-treatment materials during base
case tests tended to be in the top sand cap (Figure D.4-1). TFA (2C) was the primary
compound measured in the ash (1.1 ng/g-DS of PFPA was measured in the ash from I-2).
PFPA (3C) was primarily measured in the top ash. Since neither TFA nor PFPA were
measured in the dried sludge, their presence in the post-treatment materials could be from
breakdown products of larger PFAS. PFOS retained in top sand cap from I-1 is 68% less
than present in the dried sludge. With 100% removal of PFOS and PFOA from the ash
from I-1, the presence of PFOS in the sand cap is evidence of the compound recondensing.
This was also observed during test I-3 where the sand cap retained 1% of the PFOS
originally present in the sludge but none was measured in the ash. The sand cap from I-2
had no PFOS or PFOA. This could be due to the flaming that occurred at the end of this
test. A combination of an insufficient sand cap (required to reduce exiting temperatures),
and bio-oil accumulation in the sand cap resulted in flaming occurring as the smouldering
front exited the contaminant pack. The flaming significantly increased the temperatures in
the sand cap, removing any PFOS or PFOA that may have recondensed there during
smouldering.
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High MC/GAC Tests
For both high MC/GAC tests, only TFA (2C) was measured in the ash following
smouldering treatment. TFA was also the only compound measured in the sand cap from
II-1-2. In comparison, the sand cap from II-1-1 also contained PFPA (3C) and PFHpS (7C)
(Figure D.4-2). The concentration of the three compounds were similar with 54 ng/g-DS
TFA, 69 ng/g-DS PFPA, and 63 ng/g-DS PFHpS (Figure D.4-1). Since neither TFA nor
PFPA were measured in the virgin sludge, the presence of these compounds in the top sand
cap are evidence of the breakdown of larger PFAS. Similar to the base case tests, the
presence of PFAS in the sand cap demonstrate recondensation occurring.
CaO Tests
For both CaO tests, only TFA (2C) was measured in the ash and additionally PFPA
(3C) in the sand cap (Figure D.4-2). The concentration of TFA was higher in the sand cap
than ash for both tests. The lower CaO test had a higher fraction of PFCA in the sand cap
(II-2-1: 42% TFA, 58% PFCA) than the higher CaO test (II-2-2: 68% TFA, 22% PFCA).
Overall, smouldering resulted in a 99% reduction in PFAS in the ash from both II-2-1 and
II-2-2. Similar to the base cases and high MC/GAC tests, recondensation of PFAS occurred
in the sand cap.
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Figure D.4- 1: Content of 12 PFAS originally present in the dried sludge utilized for
the LAB smouldering tests and the post-treatment ashes normalized per mass of dried
sludge. The content in the top sand cap have been presented with the content in the
post-treatment ash. All base cases have been presented separately.
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Figure D.4- 2: The content of 12 PFAS originally present in the sludge are compared
to the content in a. the post-treatment ash, and b. the top sand cap. The solid columns
present the PFAS content observed during each LAB test and the outlined columns
show the original content in the sludge. All values have been normalized per mass of
dried sludge.
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D.5: PFAS in emissions
The GAC in the second absorbent tube (XAD 2) often contained more PFAS than
the first absorbent tube (XAD 1), likely due to breakthrough (Figure D.5-1). Biooil/condensate breakthrough from XAD 1 to XAD 2 was observed during every test. This
is an argument for designing a different emissions capture system especially for high
MC/condensable fuels. Comparatively, the PFAS content from XAD 1 rinse was
consistently higher than XAD 2. Since XAD 1 tended to capture most of the biooil/condensate from the tests, the rinse procedure recovered more PFAS from this
absorbent tube.
The emissions from the base case tests contain the highest quantities (by mass) of
PFOS and PFOA (Figure S5-3). PFOA makes up the largest mass fraction in the emissions
from I-1 (68%) and I-2 (65%), while PFOS makes up the largest mass fraction in I-3 (87%)
(Figure D.5-2).
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Figure D.5- 1: Content of 12 PFAS in the emissions during smouldering compared to
the content originally present in the dried sludge. The PFAS content in the two XAD
tubes which collected the emissions are presented in addition to the total content. The
results from the base case tests are presented separately. The contents in the emissions
have been normalized to account for differences between the experiments.
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Figure D.5- 2: Content of 12 PFAS in the emissions during smouldering compared to
the content originally present in the dried sludge. The contents in the emissions have
been normalized to account for differences between the experiments. Results from
each base case test are presented separately.
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Figure D.5- 3: The content of 12 PFAS originally present in the sludge are compared
to the content in the emissions. The solid columns present the PFAS content observed
during each LAB test and the outlined columns show the original content in the
sludge. The contents in the emissions have been normalized to account for differences
between the experiments. Results from each base case test are shown.
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D.6: Defluorination
Impingers 1 and 2 contained the highest quantity of HF collected from the
emissions. There was still breakthrough and measurable amounts in impingers 3 and 4, as
well as residual on the glassware (exceeding quantities in impingers 3 and 4) that was
recovered by rinsing.

Figure D.6- 1: HF content measured in the emissions from each laboratory
smouldering experiment. The content collected from two sections of the glassware
sampling train and additionally the glassware rinse have been presented separately.
The results from each base case have also been presented. The contents in the
emissions have been normalized to account for differences between the experiments.
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Figure D.6- 2: HF content measured in the emissions from each laboratory
smouldering experiment. The content collected from two sections of the glassware
sampling train and the glassware rinse have been presented separately. In addition,
the total content is shown. The results from each base case have also been presented.
The contents in the emissions have been normalized to account for differences
between the experiments.
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D.7: Normalization Derivation

Nomenclature
Latin Letters
𝐴𝐶
𝐴𝑠ℎ
𝑚/𝑚
𝑚̇
𝑚𝑒𝑚
𝑀𝑎𝑖𝑟
𝑀𝐶
𝑃
𝑅
𝑇
𝑣⃑
𝑣⃑𝑜𝑥𝑖𝑑
𝑉̇
𝑉𝑒𝑚

Cross sectional area, m2
Ash content, %
Mass ratio, Mass flux, kg s – 1
Mass of emissions sample, ng
Molar mass of air, kg mol – 1
Moisture content, %
Pressure, Pa
Universal gas constant, m 3 Pa mol – 1 K – 1
Temperature, K
Air flow velocity, m s – 1
Smouldering propagation velocity, m s – 1
Volumetric air flux, m 3 s – 1
Volume of emissions sample, m 3

Greek Symbols
𝜌

Density, kg m – 3

Subscripts
𝑏𝑢𝑙𝑘
𝑑𝑒𝑠
𝑑𝑟𝑦
𝑓𝑢𝑒𝑙
𝑖𝑛
𝑁𝑇𝑃
𝑜𝑢𝑡

Volume averaged
Destroyed fuel
Dry fuel
Fuel
Into the reactor
Conditions at normal temperature and pressure
Out of the reactor
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Mass Out:
The mass flux out of the reactor is calculated to be a conservatively high estimate
of the PFAS leaving the system. The following equations assume that all sewage sludge is
destroyed during smouldering, i.e., only inorganic ash and sand remains in the reactor posttreatment. The mass flux out of the system is assumed to be the sum of the mass flux into
the reactor and the dry mass destroyed during smouldering, given in Equation (D.7-1):

𝑚̇𝑜𝑢𝑡 [

𝑘𝑔
𝑘𝑔
𝑘𝑔
] = 𝑚̇𝑖𝑛 [ ] + 𝑚̇𝑑𝑒𝑠 [ ]
𝑠
𝑠
𝑠

(𝐷. 7 − 1)

Airflow Volume Flux:
The airflow volume flux of the system is the product of the air flux and the reactor
area. The size of the reactor varies from a radius of 0.3 m at the DRUM scale, to 0.075 m
at the LAB scale. For the volume flux into the reactor, the air flux is based on the air flow
rate into the base of the column, given in Equation (D.7-2):
𝑚3
𝑚
̇𝑉𝑖𝑛 [ ] = 𝑣⃑ [ ] ∙ 𝐴𝐶 [𝑚2 ]
𝑠
𝑠

(𝐷. 7 − 2)

The mass destroyed is related to the total mass lost per time. Therefore, the airflow
volume flux is a function of the smouldering front propagation velocity upwards through
the reactor, given in Equation (D.7-3):
𝑚3
𝑚
𝑉̇𝑑𝑒𝑠 [ ] = 𝑣⃑𝑜𝑥𝑖𝑑 [ ] ∙ 𝐴𝐶 [𝑚2 ]
𝑠
𝑠
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(𝐷. 7 − 3)

Mass In:
The ideal gas law was used to determine the mass flux into the system, given in
Equation (D.7-4):
3
̇𝑖𝑛 [𝑚 ] 𝑃𝑁𝑇𝑃 [𝑃𝑎]
𝑉
𝑘𝑔
𝑘𝑔
𝑠
(𝑀
𝑚̇𝑖𝑛 [ ] =
∙
[
])
𝑎𝑖𝑟
𝑚3 ∙ 𝑃𝑎
𝑠
𝑚𝑜𝑙
𝑅[
] ∙ 𝑇𝑁𝑇𝑃 [𝐾]
𝑚𝑜𝑙 ∙ 𝐾

(𝐷. 7 − 4)

The airflow into the reactor was assumed to be at normal temperature and pressure
conditions. The molar mass of air was used to convert the ideal gas law constant from a
molarity to a mass.
Substituting Equation (D.7-2) into Equation (D.7-4) gives an equation for the mass
flux into the reactor in terms of the airflow rate into the reactor and the area of the column,
given by Equation (D.7-5):
𝑚
𝑣⃑ [ 𝑠 ] ∙ 𝐴𝐶 [𝑚2 ] ∙ 𝑃𝑁𝑇𝑃 [𝑃𝑎]
𝑘𝑔
𝑘𝑔
𝑚̇𝑖𝑛 [ ] =
∙ (𝑀𝑎𝑖𝑟 [
])
3
𝑚 ∙ 𝑃𝑎
𝑠
𝑚𝑜𝑙
𝑅[
] ∙ 𝑇𝑁𝑇𝑃 [𝐾]
𝑚𝑜𝑙 ∙ 𝐾

(𝐷. 7 − 5)

Dry Bulk Density:
The bulk density of each fuel mixture was determined for each test. Since the
moisture content of the sewage sludge varied for each test, the bulk density was converted
to dry bulk density to account for the difference and is given in Equation (D.7-6):
𝑘𝑔
𝑘𝑔
𝜌𝑏𝑢𝑙𝑘 [ 3 ]
𝜌𝑏𝑢𝑙𝑘 [ 3 ]
𝑘𝑔
𝑚
𝑚
𝜌𝑑𝑟𝑦 𝑏𝑢𝑙𝑘 [ 3 ] =
𝑚𝑤 =
𝑀𝐶
𝑚
𝑓𝑢𝑒𝑙 [%]
(1 + 𝑚 )
(1 +
)
𝑆
100%
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(𝐷. 7 − 6)

Dry Mass Destroyed:
The dry mass destroyed is a function of the rate that the smouldering front moves
up the column and the dry bulk density of the fuel, given in Equation (D.7-7):

𝑚̇𝑑𝑒𝑠

𝑘𝑔
𝑚3
𝑘𝑔
̇
[ ] = 𝑉𝑑𝑒𝑠 [ ] ∙ 𝜌𝑑𝑟𝑦 𝑏𝑢𝑙𝑘 [ 3 ]
𝑠
𝑠
𝑚

(𝐷. 7 − 7)

Substituting Equation (D.7-3) and Equation (D.7-7) into Equation (D.7-8) gives an
equation for the dry mass destroyed in terms of the smouldering velocity, area of the
reactor, bulk density and moisture content of the fuel, given by Equation (D.7-8):

𝑚̇𝑑𝑒𝑠

𝑘𝑔
𝑚
[ ] = 𝑣⃑𝑜𝑥𝑖𝑑 [ ] ∙ 𝐴𝐶 [𝑚2 ] ∙
𝑠
𝑠

𝑘𝑔
]
𝑚3
𝑀𝐶𝑓𝑢𝑒𝑙 [%]
(1 +
)
100%
𝜌𝑏𝑢𝑙𝑘 [

(𝐷. 7 − 8)

Considering Sand-to-Sludge Ratio and Ash Content:
The dry bulk density of the fuel considers the mixture of silica sand with sewage
sludge. Since only the sewage sludge is destroyed during smouldering, the mass destroyed
should be normalized to the sewage sludge content by considering the sand-to-sludge ratio
(on a dry mass basis) for each test. Furthermore, since not all the sewage sludge is destroyed
during smouldering, i.e., some amount of ash remains, the dry mass destroyed should also
be normalized to the ash content of the sewage sludge. Equation (D.7-8) can therefore be
rewritten to include the sand-to-sludge ratio, and the ash content of the sewage sludge,
given in Equation (D.7-9):
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𝑚̇𝑑𝑒𝑠

𝑘𝑔
𝑚
[ ] = 𝑣⃑𝑜𝑥𝑖𝑑 [ ] ∙ (𝐴𝐶 )[𝑚2 ] ∙
𝑠
𝑠

𝑘𝑔
]
𝐴𝑠ℎ𝑓𝑢𝑒𝑙 [%]
𝑘𝑔
𝑚3
∙ (𝑚/𝑚 [ ])
∙(
) (𝐷. 7 − 9)
𝑀𝐶𝐹𝑢𝑒𝑙 [%]
𝑘𝑔 𝑑𝑟𝑦
100%
(1 +
)
100%
𝜌𝑏𝑢𝑙𝑘 [

Volume Out of Reactor:
The air volume flux out of the reactor can be determined by rearranging the ideal
gas law, given by Equation (D.7-10):
𝑘𝑔
𝑚3 ∙ 𝑃𝑎
𝑚
̇
[
]
∙
𝑅
[
] ∙ 𝑇𝑜𝑢𝑡 [𝐾]
𝑜𝑢𝑡
𝑚
1 𝑚𝑜𝑙
𝑠
𝑚𝑜𝑙 ∙ 𝐾
[ ]=
∙(
[
])
𝑠
𝑃𝑜𝑢𝑡 [𝑃𝑎]
𝑀𝑎𝑖𝑟 𝑘𝑔
3

𝑉̇𝑜𝑢𝑡

(𝐷. 7 − 10)

The temperature of emissions leaving the column is taken from the highest
thermocouple measurement within the column, above the fuel pack i.e., the closest
thermocouple to the PFAS and HF sampling trains. An average temperature is used. The
pressure of the emissions is corrected to the temperature leaving the column. Again, the
molar mass of air is used to convert the ideal gas constant from a molarity to mass.
Normalized Dioxin and Furan Measurement:
Finally, the PFAS and HF samples collected from the emissions leaving the reactor
can be scaled to approximate the total mass of PFAS and HF released from smouldering
sewage sludge. The mass quantity of both PFAS and HF in the emissions, m PFAS [ng] and
mHF [ng], respectively, were quantified per volume of emissions sample, VPFAS [m3] and
VHF [m3], for each test. Multiplying this concentration by the volume flux out of the reactor
provides an approximation of the PFAS and HF released from the system, given by
Equation (D.7-11):
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𝑛𝑔
𝑚𝑃𝐹𝐴𝑆 [𝑝𝑔]
𝑚3
̇
𝑚̇𝑃𝐹𝐴𝑆,𝑇𝑜𝑡𝑎𝑙 [ ] =
∙ 𝑉𝑜𝑢𝑡 [ ]
̇ [𝑚3 ]
𝑠
𝑠
𝑉𝑒𝑚

(𝐷. 7 − 11)

The PFAS and HF flux can then be normalized to the dry mass destroyed during
smouldering to approximate the mass of both PFAS and HF leaving the system per mass
of dry sludge, given in Equation (D.7-12):

𝑚𝑒𝑚,𝑇𝑜𝑡𝑎𝑙

3
̇𝑜𝑢𝑡 [𝑚 ]
𝑉
[𝑘𝑔]
𝑛𝑔
𝑚𝑒𝑚 [𝑝𝑔]
𝑠
[
]=
∙
̇ [𝑚3 ]
𝑘𝑔 1000 [𝑔]
𝑔𝑑𝑟𝑦 𝑓𝑢𝑒𝑙
𝑉𝑒𝑚
𝑚̇𝑑𝑒𝑠 [ ]
𝑠
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(𝐷. 7 − 12)

D.8: Mineral Analyses
X-ray diffractometer (XRD) analysis was performed on the post-treatment ash from
I-1, II-2-1, II-2-2, and III-1 tests to evaluate the use of calcium to mineralize fluorine from
the sludge. A powder XRD technique was utilized. Scanning Electron Microscopy coupled
with Energy Dispersive X-ray (SEM/EDX) Spectroscopy was performed in addition to
XRD analysis, to assist in results interpretation. This analysis was performed by Surface
Science Western using The Rigaku SmartLab.
X-ray diffractometer (XRD)
Table D.7- 1: Instrument Specifications and Operating Conditions for XRD
Analysis
Instrumentation
X-ray Diffractometer (XRD)
Rigaku SmartLab
X-ray Detector
2D HyPix-3000 (Horizontal)
X-ray Tube
2.2 kW long-fine focus Cu- X-ray
Goniometer
Inplane Goniometer
Attachment
Standard Attachment Head
Filter
Kβ Filter for Cu
Operating Conditions
X-Ray Generator
40 kV
40 mA
Scan Speed
4.00° /min
Step Width
0.02°
Scan Axis
θ/2θ
Scan Range
8° to 90°
Incident Slit Box
2/3°
Length-Limiting Slit
10 mm
Analysis Tools
Analysis Software
Crystallinity determination module
Databases
1) PDF-4+ Database
2) Crystallography Open Database
(COD)
3) FIZ/NIST Inorganic Crystal
Structure Database (ICSD)
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Scanning Electron Microscopy Coupled with Energy Dispersive X-ray (SEM/EDX)
Spectroscopy
Table D.7- 2: Instrument Specifications and Operating Conditions for SEM/EDX
Analysis
Hitachi SU8230 Regulus Ultra High-Resolution Field Emission SEM
Resolution
3 nm at 30 kV (high vacuum mode)
4 nm at 30 kV (low vacuum mode)
Pressure
Variable (~6 – 650 Pa)
Imaging Modes
1) secondary electron (SE) detector
2) multi-segment solid-state
backscattered electron (BSE)
detector
3) SE equivalent variable pressure
(UVD) detector
Drift Detector
X-Max 50mm2 Silicon Drift Detector with
127 eV resolution (Peltier cooling)
Analysis Software
AZtecFeature Automated Analysis
Detection Limit
~0.5 weight % (*for most elements)
Bruker X-Flash FQ5060 Annular Quad EDX detector
Solid Angle
1.1 sr
Detector
Annular four channel detector with 60
mm2 active area
Energy Resolution
127 eV
Analysis Software
ESPRIT
Bruker X-Flash 6160 EDX detector
Active Area
60 mm2
Energy Resolution
125 eV
Analysis Software
ESPRIT
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XRD Results: I-1
Table D.7- 3: XRD Peak List for Test I-1 showing only major phases detected.

Figure D.7- 1: XRD Phase Data View for Test I-1 showing only major phases detected.
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XRD Results: II-2-1
Table D.7- 4: XRD Peak List for Test II-2-1 showing only major phases detected.

Figure D.7- 2: XRD Phase Data View for Test II-2-1 showing only major phases detected.
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XRD Results: II-2-2
Table D.7- 5: XRD Peak List for Test II-2-2 showing only major phases detected.

Figure D.7-3: XRD Phase Data View for Test II-2-2 showing only major phases detected.
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XRD Results: III-1
Table D.7- 6: XRD Peak List for Test III-1 showing only major phases detected.

Figure D.7- 3: XRD Phase Data View for Test III-1 showing only major phases detected.
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SEM/EDX Results
Table D.7- 7: SEM/EDX Results
Sample

1

I-1
1
2
3
4
5
6
7
II-2-1
1
2
3
4
II-2-2
1
2
3
4
III-1
1
2
3
4
5
6

Elemental Concentration (weight %)
P
S
Cl
K
Ca

C

O

Na

Mg

Al

Si

11.7
7.9
8.3
11.5
10.6
7.2
10.4

44.2
39.4
43.7
54.3
53.3
31.5
43.7

0.6
B.D.L.1
0.5
0.3
0.2
B.D.L.
0.9

0.8
1.2
1.1
0.2
0.3
0.5
1.1

1.7
1.7
1.9
0.8
0.5
0.9
3.0

9.0
4.8
6.3
26.0
24.9
4.0
8.6

7.0
5.7
7.7
1.3
1.7
7.8
6.6

0.5
B.D.L.
0.5
B.D.L.
B.D.L.
B.D.L.
0.6

B.D.L.
B.D.L.
B.D.L.
B.D.L.
B.D.L.
B.D.L.
B.D.L.

0.6
0.7
0.7
0.4
0.3
1.1
0.9

7.4
6.7
11.4
7.5

48.8
30.6
42.6
42.7

B.D.L.
0.4
B.D.L.
B.D.L.

0.4
1.1
B.D.L.
0.7

0.3
1.5
B.D.L.
1.1

0.6
5.0
39.0
3.1

0.4
6.5
B.D.L.
2.3

0.2
B.D.L.
0.5
0.6

B.D.L.
B.D.L.
B.D.L.
0.1

5.9
13.6
7.4
7.7

44.4
44.6
49.7
44.8

B.D.L.
0.6
B.D.L.
B.D.L.

0.2
0.7
0.5
0.4

0.1
1.5
0.2
0.4

0.2
8.1
0.3
1.0

0.3
5.6
0.3
1.0

0.8
1.1
0.3
0.6

10.5
11.7
10.2
10.9
10.7
20.8

52.6
53.5
46.2
46.7
44.7
44.8

0.1
B.D.L.
0.4
0.3
0.4
0.4

0.3
0.3
1.0
0.9
0.9
0.8

1.0
1.7
2.0
2.1
2.3
1.8

32.7
30.5
19.4
17.9
17.2
15.8

0.4
0.2
3.3
3.2
3.8
2.9

0.2
0.2
1.2
0.9
1.0
0.6

Below instrument detection limit
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Ti

Mn

Fe

Cu

F

7.1
5.5
6.8
1.5
1.9
6.7
7.9

0.5
0.9
0.5
0.1
0.1
0.3
0.7

B.D.L.
B.D.L.
B.D.L.
B.D.L.
B.D.L.
B.D.L.
B.D.L.

16.3
32.3
22.0
3.6
6.3
40.0
15.6

0.2
B.D.L.
B.D.L.
B.D.L.
B.D.L.
B.D.L.
B.D.L.

B.D.L.
B.D.L.
B.D.L.
B.D.L.
B.D.L.
B.D.L.
B.D.L.

B.D.L.
1.2
B.D.L.
0.4

40.7
17.4
5.2
29.8

B.D.L.
0.9
B.D.L.
0.3

B.D.L.
0.4
B.D.L.
B.D.L.

1.2
28.5
1.3
11.4

B.D.L.
B.D.L.
B.D.L.
B.D.L.

B.D.L.
B.D.L.
B.D.L.
B.D.L.

0.2
0.1
0.1
0.1

B.D.L.
1.0
B.D.L.
0.2

47.4
9.1
40.6
41.4

B.D.L.
0.5
B.D.L.
B.D.L.

B.D.L.
B.D.L.
B.D.L.
B.D.L.

0.6
13.5
0.8
2.5

B.D.L.
B.D.L.
B.D.L.
B.D.L.

B.D.L.
B.D.L.
B.D.L.
B.D.L.

B.D.L.
B.D.L.
0.2
0.2
0.2
B.D.L.

0.3
0.4
0.8
0.9
1.0
0.9

0.5
0.4
4.9
4.3
5.3
3.5

B.D.L.
0.2
0.2
0.3
0.3
0.1

B.D.L.
B.D.L.
B.D.L.
B.D.L.
B.D.L.
B.D.L.

1.4
1.0
10.2
11.2
12.3
7.6

B.D.L.
B.D.L.
B.D.L.
B.D.L.
B.D.L.
B.D.L.

B.D.L.
B.D.L.
B.D.L.
B.D.L.
B.D.L.
B.D.L.
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